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ABSTRACT

Al‘lu primary chjective was to reenrd and measure the formation, growtk, and dissipation
of the visibie surface phenvmena during Savts Wahoo and Umbrella by *~cans of timed
technical photogruphy.  The sezondary objective was o obtain a bett :r undersiavding of
the pature of the base surge by recerding the temporature snd humidity at varlous positions
in the surge clouds formed by the collapse of the Hlumes on Shot Wahoo and the enllapse of
the column on Skot Umbrella. o,

The shock wave from Shot Yhoo. Mbarbl at a depth of 500 feet in water 3,000 feet
deep, produced a primary shock wave slick over 11,000 feet v duatacter and a primary [
spray duiiie 3,000 feet In diameter.  (The yichis used in this report are those considered
most accurat  *1 of 6 January 1960.) A pressure pulse from the collapse uf the subsvriace
cavitated regic  drteud o spray ring beyond the primary dome,  Sccondary slicks, cansed
by shock wave r tlecit.as from the bottom and deep strata, were also obscived,  The
initial vertical voi o3 ve of the spray dome within 700 teet of surfee s o were used to
calevlate under water gpock wave peecanveg,  These values toevgd vl w0 U pereent
higher thun espected.  Estimates of the yield based on the calculated prossures gave an
average value of 11 kt.  (This method {8 approximato but provides a ustful cheek on radio~
chemical values.) The dome reached: a maxinwm height of 840 feet in 7 seconds, #

This Wahoo bubble apparentiv vgciilated once while migrating to a positivn above ihe
original surface. Its reexpansion produced a hemispherica! mass of plumes about 1,600
feet high and 3,600 feet in diameter,  After 20 seconds, the collapsing plumes spread out .
to form a base surge, which drifted with the wind and was measurable to o time of 3.5
minutes and a crosswind radius of 8,200 feet. The maximum visible surgc height was about
1,100 feet.

A secondary plume formation reached a height of 850 feet about 33 szwinely after the burst.
When the water n2ar surface zoro had stopped rising and falling, a white foar Latch remained;
thiz was nwasurable until 16 jninutes, when it had atsained u diameter of abour 10,000 feét.

Shot Umbirella was an 8-kt barst at a depth of 150 feet on the bottom of the Isgoon.  Light
from the explosion was visible from the alr for a fow milliceconds.  Tihe: primary shock

. wave produced a slick 5,470 tuet In diameter and a spray dome about 3,800 feet in diameter.
A second stick aud a ving of spray formed Leyond the primary dome «t 0,53 seconu, a8 o
result of the collapge of a cavitated region beneath the surface, Other slicks appeared at
later times, cuuscd by veflections of the shock wave (rom deep strata. The initial spray
velocities withie 200 feet of surface zero provided an vnlimated yreld of 8.9 kt.

Plumes developed rapidly from the Umbrella spray dome, autalning a cylindrical shape
and reaching a maximum helght of 4,900 feet at 20 seconds. The-maximum plume diametor
was 2,250 feet at 22 seconds. The lower part of the plume, or column, ¢.u1ied to collapse
at 6 seeends and a surge appeared at the base, possibly originating us a spillout _(roxh the
¢lge of the water cavity. The visible bage surge dvifted with the wind and wns measurable
to a time of about 20 minutes and a crusswind radius of 14,600 feat. Its maximum height
was about 2,160 feet. The foam patch was persistent and was imcasured for 2 " sutne
when 1ts diameter was about 8,000 feet.

LI ‘The instrumentation for recording temperature and humidity of the bose surge gave
limited results vn Wahoo but fairly complete data on Umbrella, Both visible surges
showed evidence of heating in the leading edge.  The Umbrella recoids sliowed that the
surge was warm for 60 seconds and a¢ 100-pereen velative humuduy for 19u seeonds. It
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It returned

then became cooler 45 a result of evaporation and drier as a result of mixing.

to ambient conditions.after 15 minutes.
Methods of predicting nuclear dome, piume, and base surge phenomena for application

to the aafe delivery of antirubmarine weanons are summarized. The gaps in existing know' -
edge are pointed out, and rocommendations for future studies are included. e
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FO..EWORD

This report preaents the final results of one of the projects participating in the military-

A effect programs of Operation Hardtack. Overall information atout this ard the other
military-effect projects can be obtained from ITR-1680, the “Summary Fepoii of the
Commander, Task Unit 3.” This technical summary Includes: (1) tabiea llsting cach
detonatlon with its yield, type, environment, meteorc.ogical conditions, etc.; (2) mups
showing shot locations; {3) discusslons of results by programs; (4) summaries of ohjec-
tives, procedures, results, etc., for all projects; ana (5) a llsting of project rcports for
the military-effact programs,

PREFACE

¢ ‘The authors are pleased to uckncw' - . e the assistance provided by Robert §. Price, James
R, Mitchel!, and Charles R. Nifferv;ger of the Naval Ordnance Laboratory (NOL) in planning
many of the details cf the experimental operations.
The unusually high accuracy of the data obtalrcd from the four pholographic alrcraft is
. due, in large part, to the cooperation and the consclentious efforts of the Program §
personnel who positioned and tracked the aircraft with M-33 fire control radar sysioms.
The careful work of the analysis personnel at Edgerton, Germeshauscn, and Grier, Inc.,

s s
e ¥

who handlea the tedious and difficult task of measurement of the photographic records, in = B

greatly appreciated. <
In the preparation of this roport, significant contributions were made by Mrs, Mary L. | :*‘A

Milligan, Mrs. Dorothy M. Maultcby, and Mr. Joseph G, Connor, Jr., of NOL. Dlscussins ;’é

with Dr. H, C. Snay were extremely holpful in clarifying certain aspects of the explosion
phenomenology and the general scaling problem.
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INTRODUCTION

1.1 OBJECTIVES

The primary obje *ive was to record and measure the formation, growth, and dissipation
of the visible surfage  2nc =212 during Shots Wahco and Umbrella by means of timed
technical photography. The o' cnomena of interest included the slicks, cracks, spray
domes, water coluinns, 7'~ shack waves, condensation Jloude. piumes, fallont vislble base
surge, and foam patchoy Section 1,45 The purpuse of obtaining i ~ e e, 'nis was to
Interpret the data in tarma ot cxplusion theory and to use the reaults tor the Improvement
of cxisting scaling techniques. These scallng methods ure employed in the development
of offensive and detensive tuctics for milltary situations in which underwater nuclear
weupons are used.

The secondary objective was {0 obtain a better understanding of the nature of the base
surge hy recording the temperature and humidity at various positions in the surge clouds
formed by the collapse of the plumes on Shot Wahoo and the cotlupse of the column on Shot
umosella. ‘I'his method was expected to show the conditions within the surge, give infor-
mation concerning the interaction between the base surge and the ambient atmosphere, and
possibly indicate the motion of the base surge after part or ali of it had become invisible
because of the evaporation of water droplets.

1.2 EXPERIMENTAL BACKGROUND .

The U.S. Naval Ordnance Laboratory (NOL) has conducted a convnding nvestigation of
the base surge and the rolated surface phenomena of urderwater explosions since 1949, The
experimental work has Included tests with high explosives welghing fram 10 pounds to 45 tons
(References 1 and 2), underwater explosinn tests in a vaceum tank Reference 3), and hydrau-
lic models of the base surge Reference 4). Most of the data was obtained by means of
vhotography. In addition, instrumentation was placed in the HE base surges to determine
droplet and particle sizes and to record the changes in temperature and dewpoint Reference
2). Laboratory personnel participated in Opcrations Castle Reference 5) and Wigvam
Reference 6) for the study of the surface phenomena of surface and underwater nuciear
bursts by photographic means. Some anualysis of the records of Shot Baker in Operation
Crossroads has 2!so been conducted. Scaling laws have besn developed for the prediction
of the surface cffcets of shallow underwater nuclear bursts Reference 1),

A considerable effort has been devoted to the study of the surfauc zhenoirena of relatively
deep underwater explosicns by other laboratories, starting during World war [ and extending
through World War II. One of the main objectives during this period was the determination
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of the explosion depth of depth charges by the measurement of the slick, spray dome, and
plume phenomena. An extensive bibliography of this work is included in Reference 6.

1.3 MILITARY SIGNIFICANCE

The surface effects of convgntional underwater explosions. in f‘ontraat to nuclear bursts,
are not considered to be of major military ‘mportance, although some use his wan marde
of the damaging power of the vertical jets formed by shallow explosions for the demolition
of bridges Reference 7). In additlon, jete and plumes Iroin exptoding mincs aad shells
may constitute a hazard to low-flying aircraft. Howeveyr, surface phenomena have beea
used primarily In experimental studies as a sousce of information concerning the explosion.
Under deat exgerinmuial conditions, the surfice eficcts of a conventional underwaler |
explosiv.; Indicate the depth and position of the charge, the peak shock wave pressures at
the water surface frum surface zero to a considerable distance, the petivds of bubble
oscillation, and the phase of the bubble at the time it breaks the surface. The values
catculated from photographic mcasurements provide a useful vhess on the data odbtalned -
from other types cf ipstre ‘entation, if such data is avalilable.

In contrast to conventio,  ind “wwater explosion effects, the plumes and aesoclated
cloud pheasmena (cauliflower clend  fallout, and base surge) of nuclear bursts hove major
military signiflcance because 24 the vole they play as carrivi ;' of «adicuctive contaminants.
For examiple, the cauliflower Llond Jrom a shallow burat may be the seii=nmnng 12" wneirgy
initial gamma radiatlon (Reference 3). The fallout und base surge muy tranuport contami-
nants several miles downwind, thereby extending’the zone of airborne radlation hazard well
beyond the region of physical damage from the shock wave and other effects. The close~in
region in which the plumes orlginate ia probably a zone of certain destruction for ships and
alreraft becausc of the combined severe effects of plumes, shock, and radlation. In the
case of a relatively deep burst dellvered by a Jow-flying aircraft; the pilot must also evade
a ncasible kazard from water rising In the spray dome.

A8 In conventional underwater expiosions, tachnlcal photography of nuclear bursts pro-
vides information that aids in the Interpretation of the records obtained with vaderwater
pressure gages and may reveal phenomen. that are not detected by other instrumentation.
For example, in Operation Wigwam (Reference 6), acrial pliotography revealed patches of
spray, well beyond the.extent of the spray dome, which were caused by the focusing of the
shudk wave by reflection from the irregular ocean bottom. These spray patches were
regions of relatively high pressure that may have significance in regard to damage to surface
vessels. It ks linpractivable to measure ¢ «wh effects with giges, because it is probably
impossible to pradict where iy will occur.  However, technical photography can indicate
the locations of such regions and provide an 2stimate of the magnitude of the peak pressures
involved.

1.4 LeSCRIPTION OF PHENOMENA AND THEORY OF SCAUING

The surface phenomena of underwater expiosicis can be divided into two maln catevcries:
(1) those produced by the shuck waves emitted at the time of the explosion and at bubble
minima, and (2) those produced by the musa motion of the water, which accompanics bubble
pulsation and its emergence above the surface,

1.4.1 Shock Wave Effects. The shock wave produced by an underwate» »xplosion propa-
gates outward radially at an extremely high velocity, wrich decreases vapidly, approaching
the speed of sound. For TNT, the followlng expression shows the relationship between the
peak pressure in the spherical shock wave-and distance from the burst (Referenve 9):
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’ Where: P, - peak overpressure in the shock wave, psi
W . weight of pxplosive, pounds
R - distapee fram center of Sharge, or slant range, feet

Equation 1.1 {3 aoL vabid {or values of WYY/R greater than sbout 3.5 WY/ (B, =
25,000 psi).
The shape of the shock wave 18 given by the following equation (Reference Ok

. P« pyemt/t (.2)

Where: P = overpressure in the shock wave, pal
¢ ~ base “natucal logarithmy, 2.718
t o« time, . CC

. ¢ + ghock wrv: deeny eonsiant (ime lnters s, Joe pruk svsrpressdre o decay
10 Py/ci, miest

. [ For TNT, the decay constant may be caleulated from the following equation Reference
o)
AETY a2
¢ = 0,056 w"’(wv.) .3

Whom tha shogk wave reackes the Sielacs of e water, i is aviiocled us o tension wave,
The intersection of thy shoek front and the suriuce is visible from above as a rapidly
expanding ring of darkened water, suinctimes called the slick ®uference 9).  Following
clugely bohind the darkened region ts a white cireular patch, which has been called the
crach Refovence 11).  Evidence exists that the surface of the water 18 undisturbed and,
therefore, thut the whiteness occurs under water, probably as a result of cavitation pro-
duced by the tenaion wave. Gecmetrical conalaerations Indicate that the veloclty of spread
of the etick i3 2 funciion of charge depth only, providiny that the «nderwater shock wave
has slowed down to sonie velecty and refraction effects may be neglected. Cos sequently,

. measurements of the rate of growth of the inltial surface disturbance have been used to
determine the depth of explosions Refarence 9).

The slick and crack are difllcult to obawve experimentatly, and descriptions of these
phenomens in the Hterature ave not consistent, Kigh-speed technical photography is n2eded
twe their propee reaolution, and the appearance of the slick and crack is highly dependent
on lighting and viewing angles. In some cages, the passage of the shock {ront produces only
an apparent lightening of the water suriace, and avmetimes there {s no visible efeect.

¢ Shortly alter the crack appears, the water nbove the e’plosion riscs vertically to form
a white mound of spray called the spray dome, ‘This rise is due to the partisle velocity
imparted to the water surface by the reflection of the shock wave and the subsequent
breakup of the eurface layer Into dropa of spray.

a Dicectly above the charge, the initial vertizal » clocity of the surface shayld bo approxi-
mately equal to the sium of the particle veloctiics in the incidunt and reflected shock waves,
which are assumed (o be equal In magnitude, A. all positions, except surface zero, the
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particte valocitivs tn the shock waves have equul and opposite herizontal components, which
cancel, bat the vertical cemponents are both directed upward and are additive. The result-

uat vastical velochy of the surface s, therefure,

o n20144) Py cosd

v 1.4)

“ ° p U
Where: V, = initial vertical vcloélly of the surface at a pont, Rt/sec

amnbient density of the water, slugs/(t® (1b-sec’/ft%)

p Y
U shock front propagation velocity ai the point, R/sec
6 = angle with the vertical of the line from the explosion to the point on the

surface (The factor of 144 s included to conv- rt the units of Py, which
ave in pal, to /ftd)

Benreath the surface, the dowaward-movirg tenslon wave is superimposcd vy it tail
of the positive phase of the shock wave, which is moving upward. At some Jupth, the net
tunslon becomes great en . to rupturo the water and the surface layer hreaka away and
produces a cavitated veglon  .nualh the surfanc.

It i generally agsumed t.at this layer of water risca trom the surface with the inlitlal
velociyy siwwwn by Equulion 1 3. poanves, o zveine pussibie that the iitial  aclt might
be redused as a resuls of the worl. «iunc it caviwiis. *he water beueath the ~riace. Conse-
quently, Equation 1.4 |3 sometimes modhtes to

v, « 2040 pgpcl;»_s_g_-_ 4P (t.5)

Where: Py, = breaking pressure, psi
An estimate of the thickness of the surface layer may be obtained from the following

formula (Reference 9):

Pyt P RUS
2P ¢ 0-113U% )

L {1.6)

Where: L = thickncss of surface layer, feet
Pn
[

FEquation 1.6 shows that the thickness of the surface layer increases with distance {rom
surface zero, The ejuation of motion of a horizontal layer moving upward, but decelerated
by gravay ard by the pressure differer:ce hetween the atmosphere and the cavitated region,
is

L

hydrostatic preasire, ps:
charge depth, feet

dv _ =144 (P, = P,) .
dv 144 (P = Pg)
@& T L E -7

Where: v = upward velocity, ft/sec
t = time, sercwmids

P, = atmospheric pressure, psi
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P, s cavity pressure, pst

g - acceleratioa due (0 gravity, ft/sec?

Tategration of Equation 1,7 vver the time of rise and descent of the surtace layer shows
that the closure time of the cavitated region should be

te ™ 2V T R)
b o)
C |l44pﬂ;‘a-‘-}’!.) "KI

Where: i, = time required tor surface layer to rise and fall, or clusure tune of cavitated
reglon, scconds.

Pressure pulses have been detected as a pesuit of the water-hammer effect produced
when the cavitated regicn cioses. The times of occurrence of these are reported to be in
reasonably good agreement with values caleniated from Equation 1.8 ®eferauce 12). Thls
butk cavitation phenomenon is of considerabt2 Interest in.regard to shock damage to ships.

The acturl struc:  of the spray dome and the phenomena beneath the surface are un-
doubtedly more comp.  th.n wadicated abeve.  (An uxtension of this slimple treatment would
shuw that a gerics of | .vers oi watur should riso upward beneath the surface layer.)

The surfase layer acty &Ly "wedke up Into spray, wl leusl partizliy, =1 oo ovitated
reglon Is probably a zoae of cavitation bul.loc 52 whoi the surfasc v~ iuay not separate
completely from the water beneath it. ‘Thu values of Py, and P, to be employed ir Xquatlons
1.5 through 1.8 depend upon axperimental conditions, and the correct values to be employed
in a given casn have not been eatablished. "However, Py cannot be less than Py, (Reference
13),

8lick, crack, and spray dome phenomena raay be multiple In nature If bottom-reilested

. shock waves and pressure waves resulting trom bubble pulsation reach the surface with
auffieiant intenaity, -~

If Fquation 1.4 could be used with confldence, it would be possible 1o calculate the peak
underwater pressures along the water surface wherever spray Is visible. This would permit
the dotermination of depth of burst for a charge of known weight ur the calculation of charge
welght If the depth I8 known, This has been done successfully In some cases, but discrep-

. ancies have been observed In other experimental programs Reference 6). These discrup-
ancles sumetimes take the form of anomalously high initial velveitics Refurences 6 and 8).
The explanation for this probably lles In the breakup of the vising water surface into a
8aray. It has been shown in Reforence 14 that u waler surface is stable if it is aceolerated
. in the direction of a less deitse medium, such as alr, but becomes unstable [ the direction
of acesleration ls, reversed. In the case of the spray dome, the motion of.the upper surface
of the rising layer is directed into the air but the entire layer is being decelerated by gravity
and a pressure difference. Consequently, the acccleration vactor I8 directed downward and
v upper surface hecomes unstable. Very small ripples an't minute {rregularlties are
stabilized by surface tension, but longer ripples and gravity waves grow in amplitude at an
exponentlal rate as a result of the decelcration of the surface. In addition, ris.g apikes
' of water appear at the iocation of random disturbancés, putchw=s of foam, debris, and
frregularities in the surface,
As a result of this, the surface Is covered by a dense maaa of water fets withep muiti~
sceords after the reflection of the underwacer sheck wave., Tuzes jets break'up TS
N of spray in a short time. Near the center of the dewme, the entire surtace of the < ter
breaks up into a white spray, which appears to be smooth and diviorm when viewed from a
distance. However, closeup photographs show tlat the spray (0 more proncunced on the
crests of waves, although spray is also present in the wevghs, 3t the cdge of the dome the
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spray is confined to the wave crests and the original surface wave pattern can be clearly
seen,  Spray dome diameters are consequently greater in rough water than is smooth water.
1f imtial spray dome velocities are measured on a high-soeed photographic record, an
carly axtremely vapid rate of rise of jets and spray above the surfaze is detected. This is
gruuter than the Vg shown by Equation 14, After a period of time, generally a few milli- .
secouds, the observed velocity may drep firly suddenly to a value that is in appraximate
agreement with the V,, nredicted by Equation 3.4, The reason for this is pot 2l ne. Theory
indicates that tha eavly rate of growth will be expanential and will continue unly until “he
amplitude of a disturbance i» whoul {.ur-tunihis of the wevelvagth.  After that time, the '
height-versus-thine curve should be parabolic.
Some evidence that the initlal bulk motion ¢{ the water beneath the apray follows Equation
1.4 was obtabind during Opcration Wigwam, where the weapun support barge, the ¥C-413,
rose with an initial velocity approximately ~& indicated by Eguation 1.4, although the leading
spray rvse at a wove rapid rate Referens 6).
An additional factor that may causc the initial spray dome velocity i differ from that
indicated by the simple theory used above is the posaibility that & shaped-charge effect
muy cause jetting in the tr ~chs of waves near the center of the dome Reference 15), It is
alao posgsible that the surfa v, 2 may focus the nrderwster shock wave ®ceference 12).
If the high initial Instabilis velec-1.ea ave Ignored, the rise of the spray in the dome cay
sumet: mea be represented hy 2 ~arabolic exprasaion of the (ol wli {6rm Reference 16):

h Vot-a2 1R}

Where: h = heyght of spray dome, feet
= retardation coefficient, ft/sect

The proper value of {f depends on such tactors as chavge size, depth of burst, position °
In the dome, and surface roughness. Physlcally, it represents half the decelrration of the
spray, which rosults from drag forces and geavity.

Spray dome diameters Increase with Increasing charge depth, and, since the heights
decrease, the dome profiles bevomu {Iatter.  Consequently, measurements of the shape
of the spray dome have been used as a technique for determining the depth of explosions.

The dome is surrounded by a region called the Elack ring or dark ring, where small
isolated Jets or 3pikes of water can be seen. The dark appearance I8 an optical effect due
to reduced regular reflection of light by the ruffled surface, and varies with the position of
the observer. The dack ving I8 a relative'y stationary phenomenon that does nut change in
slze fae a period of timo after its formatlen (Reforence 11),

The same shock wave surface phenomcaa are observed in both HE and nuclear underwater
tests. However, for niuclear bursts, Equatlons 1.1 and 1.3 become (Refarence 10):

13\ L1
P, = 4.38 % 10¢ (YR ) 1.10)
and o
= 2.21 YV? (%—,) w1 .

Where: Y = yield, kt.

A comparison of Equation 1.1 with 1,10 and 1.3 with .11 shows that an underwater n. iear ’
burst with a yield of 1 kt produces the same peak pressure at the same distance as the deto-
nation of 0.667 kt of TNT, and produces the same time sonstant at the same distance as the
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detonation of 0.737 kt of TNT ®Reference 10).
Equation 1.10 is aot valid for values of Y' 3/t greater than abou 0.0016 kt' /1t =
({8 " 3,000 psi}. However, peak pressures for positions closer to a nuclear burst inay
. be calenlated from lnfornmtio:n given in Reference 17,

é The scaling of shock waves {8 relatively simple and Is based <, the principle that com-
presslbility and inertia forcea govern the phenomena (see Appendix).  Consequently, a
change In the lincar size of the charge by a factor k; meuns that peak pr-ssures and veloci-
tles will be unchanged if distances and times are multiplled by the same factor Meferences

'y 9 and 18). For spherical TNT charges of a uniform dens!ty, tie cube root of thy charge
welght is proportional to the radius and may be uscd as a hinear scale factor. A conversion
factor must be employed for the scaling of TNT data to other explosive compositions or,
an shown ubuve, to nuclear bursts.

In practice, shork wave-induced surface phenomena arc scaled In terms of the depth and
welght of the cxplosive charge, which may be expressed ia the following manner:

c :
A= @.12)

Where: A, = reduce Chargs depth for HE tests, ft/1b!?

The foliowing relanin= defines the geometrical scuat. faciua ki terms of hoth chary.; depth
and the cube root of chirge wcight.

119
ks <mo (Vm .13
' o \wP ) ,
Where: k; = length scale factor
subscript m refers to the mudel

subacrint p pefurs (0 the prototype

‘The Initial spray dome velocities calculated from Equation 1.4 <hould ke equal for charges
exploded at the same reduced depth A, in free water if p and U sre the same in all experi-
ments. Spray dome helghts will not be the same because of the dependence of tie height on
| . the ratardation coefficlent £ which varies with the scale of the experiment, Spray dome

diameters show approximate geometricai scaling for charzas of different weights {ired at
the same A4«

To aimulaie the shock wave and the resulting slick, crack, and spray dome phenomena
of an underwaics nucliar burst with HE, the'shock vave peak pressure equivalence factor
must also be taken Into account, For example: Assume that & 30-kt nuclear dctonatlon at
& depth of 1,000 feot i3 the prototype. Since 20-kt of TNT would produce the same peak
preasure at a glven distance as the 30-kt nuclzar device (Reference 10), tha reduced depth
A In terms of pounds of TNT is 1,000/ (40,204,000)"/%, or 2.92 ft/1b!3 This procedure is
vaiid for shock wave peak pressure similiuiie only and 15 not.a general method.

For the compariron of different nucluar, birats, geometrical scaling of the dapth of burst

N will be indicated as follows:

Ae = oo (t.14)

Where: A, = reduced charge depth for nuclear bursts, fit/kt!/?

If a charge I8 expleded In saplloww water, on or off the bottory, the depth of water as well
as the charge depth savuld w2 scajed geometric. lly in order to obtain geomctrical similitude
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of shock wave effects. However, the free surface and bottom produce varlous _omplicating
effects on the shock wave (Reterence 19}, which may-not scale geometrically, particularly
at wvent digtances. IV acharge iy tired on 2 vigid hottom that acte n3 a perfect reflector,
ihe shock wave offects close Lo the charyge should be the same as those produced by a charge
with double the energy fired in free water. In practice, the amount of reflection depends

un the nate e of the bottom and {8 never complete (Reference 20).

Equation %.4 wie derived on the assumption that the underwater shock wave uiderg..s
complete refleciion, as a negative wave, at the surface of the water. In reulily, a sanock
wave is transmitted to the atr. However, the assumption of comygiste reflection is generally L 4
it good one for shots at a A, gieater than 2.0 1t/1b'%, The relative magnitwdes ¢f the shock
waves are given approximaioly by the following expression, which applier vy nanuustic (low-
amplitude) waves (Reference 9):

.

2
Pog . 200Gy . .15}
Fow  pwCy
Where: P, = peak overgr rssure in the shock wava, psi .
p = amblent dore  , srug3/e .

C - ambient speew of gound, {2/sc¢
suhsérlpta a and w rpfor to alr and “ter  respectively.

For example.”a TNY explosion at a A, of 2.0 [t/Ib*? generates an underwater shock
. wave whose peak pressure drops tv 10,600 psl when it reaches surface zero. Eguation 1.15
indlcatee that the shock wave transmittod to tha alr would have a peak pressure of about 3
psi.

As the alr shock wave propagates upward and outward, a negative, or rarefaction, phuse
develops behind tho compression wave. The drop In air pressure that occurs during the
pussuge of the rarefaction phase results 1n adiabatic cooling and possibly thd :ormation ot
a condensation cloud. This phenomenon is generally considered to be of secandary impor-
tance. However, it may oldcure part of the plume phenomena of interest, as during Shot
Baker (Reference 21), or it may provide soms Indirect Information concerning the strengin
of the air shock wuve, as in Operation Wigwam (Reference 6).

' 1.4.2 Mass-Motion Effects—Decp Bursta. After the primary shock wava is amiited hy
a deep underviater evplosion, th highly compressed gaseous snhere of vxpiosion products
pushes the surrounding water aulward radially at a high veloeity. The water is uccelerated
outward until the gus pressure drops to the level of the hydrostatic pressure. However,
the motion continues because of the inertia of the water, and the bubble expands untit ¢to
pressure excess in the water brings it to a stop. At this stage, the gas pressure is much
lower than hydrostatic preasire and the bubble contracts. It reaches a minimum size, at
which an shrupt reversal of the motlon occurs and a prassure pulse is emitted (firat bubble
pulse). The bubble continues to oscillate and migrates toward the surface.

For the purposes of this report, “deep” bursts wil! be defined as explosions at a greut
enough depih so that the bubble completes at least one oscillatiun before it areaks through hd
the surface. An explosion :hat is so d ep thut tiie bubble breaks up or loses its identity
before reaching the suriace will be called a “very deep” burst. Only bursts that are far
enough frem the bottom su that the bottom exerts nv intluznce on the buhble will be co.-
sidered In this section. Howwver, the effect of the waiuy surface will Le included.

In its ftrst expansion, the gas bubble (ocrmed by a TNT explosfon grows to the maximum
radius indicated by the following equation (Reference 1d):
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A = 126 -:4-75- (1.16) "

\‘A

Where: An,, & maxdimum bubble radius, leet

7 = total hydrostatic pressure at depth of burat, feet of water .

Tha period of the first pu sation, from detonation time until the minimum radius is
attalned, is given tor TNT by (Roference 18):

L ¥e]
T, = 4.35!'-7 (10,10 Amax 1.17)
23

Where: Ty = {irst Lubble period, seconds-

(The last term in the equation is a correction for the effect uf the water
surfuco.)

The water surro ‘'ng the explosion is set into motion by the puisation and migration
of the bubble. Inthe 320 of migratlon, incompressible radiul flow may be asswined,
which Implies that wat ;v velecities donrease {nversely with the square of the distance from
the centor of the bubliv, tonever, wien tha 050 illating babuie isvaias upward, the flow
of the water becomes more complex and i« not (ully understnod.
tacrvations have shown that the first expansion of a2 migrating butble Is untform {n ali
’ directic .x and results In a nogligible dispiacement of the hubble center. However, because
of the difference between the hydrostatic pressures at the top and bottom of the expanded
bubble, the bubble collapse is not symmatrical; the bottom part moves in faster than the
sides, and the sides move faster than the top (Reference 12), The bottom may impinge
. upon the top and penetrate the water above the bubble (n the form of a jet, At this stage,
the bubble has the shape of a torous, but it expands again Into a roughly spherical shape,
During the collapse and reexpansion phases, the bubble moves upward, However, the
bottom shows the greatest upward motion during the collapse and the top moves ferthest
during the expansion. The total motion of the bubble occurs during a relatively brief period
before and after the time of bubble mintmum,

;“

The simulation of the migration of a large cxplosion bubble on 2 emall seale {s a difffcult -ff;
process. A depth of burst that leads to the formation of gcometrically stmilur shock wave ,‘-}:
elfects will usually not provide a true simulation of bubhle migration and the consequent gl
plume etfects. As u {irst step, it scoms reasonable to keep the ratio of the depth of burst g;’
to the maximum sizo o1 the explosion bubble constant in model and prototype. Thia may be a5
expressed as a “‘submergunce factor” [Refe=ance 12), ’i

M or— (1.18)
*max

Where: AL = reduced charge depth, or submergence factor, dimensfonless

A4 Is mr .ained constant for different charge welghts, the geometrical condgmraticn
. of the bubble and water up to the end of the tirst expansion is reproduced. On the other
hand, {hls dues not guarantee th~t the subsequent behavior of the bubble will ke similar fn
wmodel and protatype.
When AL = 1, the explosion bubble becomes tangent to the original water su. suve wuve &
. attains its maxinium size. At this depth, the wiie . layer above the bubhle shouiw not rupture
during the first bubble oscillation. However, at somewhat shallower depths rupture will
take place. Ccensujuently, this reference depth may be used to define the transition between
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“shatlow” and “deep” bursts, Since ¢ = Apq, i this depth, it follows from Equation 1.16
that

¢ (c+ 337 a 1.6 WA {1.19)
Where: 33 r normal atmospherie pressure, feet of sca water
Empluying a binomial expansion, Equation 1,19 becomes approximately the {oilowing:

¢ (1+ 8—'02-"’--) = 6.69 WA {1.20)

whl/‘ch indicates that for large values of ¢, the refcrence depth bacomes proportivial to
whs, .

A different system {s necessary to scale the upward migrativn of the bubble during'its
collapse and suhsequant reexpansion. If it is assumed that the only force acting on the
water s gravity and that the only realstance to flow is that offered by the inertia of the
water, the cquations of energy and motion uf the bubble may be put in dimensgiunless form
Rolerence 9). In order to 'o this, a characteristic length having the value (W' /g0y is
employed, where W is the i er»ray available after the emission of the shock wave.
Since W' {s proportional to th « 1wy weight W, and go can be treated as a constant, the

, following scaling parameter ce .+« defined:

. w_z"-‘ {L.21)

Where: A" = reduced charga depth, ft/1nt/4

Maataining the equality of A." in model and prototype provides similitude of the pressure
distribution in the water surrounding the explosion bubble. Since migration is directly
dependent on pressure distribution, it {3 seen that migration scales with W4, Equation
1.21 can also be derived from the Frouds number, since troude scaitng is valid when gravity
and inertia are the only impertant forces (sce Appendix). To obtain this result, A, is
us«d as a charactaristic length and T, is used a3 a characteristic time (neglecting the surface
effuct). In addition, the acceleration due to gruvity is assumed to be the same in model
and prototype (References 22 and 23).

If the criteria expressed by Equations 1.19 und 1,21 are combined, the following result
is obtained (Reference 23):

LY z_za 1.22)
p p

In expanded form, Equation 1.22 becomes
fm o Lt Palm (1.23)

Sp e+ Pylp
Where: P, = atmospheric prassure, feet of water .
Fquation 1.23 shows that exact scalls g of huhble migration {s impossible with mode! tests
conc: ated under normal atmospheric sea level pressure. Similitude can be approached,
however, and several possibilities offer themselves. For example, if charge depthg a a
great, the'effect of atmospheric pressure becomes negl:g.wile and approximate simiituae

may be attainod. Another technique is to conduct experimental programa in highealtitude
lakes, where tho atmospheric pressure is reduced, altiough reductions of only about 30
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percent in Py, could be attalned in this manner, and the practical difficulties would be
great. However, the bubble migration of HE depth charges can be modeled successfully
by reducing the air pressure in a vacuum tunk [Reference 22). It is alsv feasible to Increase
the hydrostatic pressure in a medal test by acceierating the test tank  In this case, the

P acceleration is cquivalent to increasing the magnitude of g; therefore, g becomes a variable
that must be Iacluded in the scaling equations (Refcrence 24).

in practice, experimental difficultics arise in the modeling of expios -r phencinena in

the labosutory, which make the scaling problem more difficult than indicated sbove, There

. arise from auch causes as the necessily for the employmant of different explosives In model
and prototype, the boiling of water at very luw pressures la a vacuum ltun%, wail effects In
tanks, the vifects of surfaco tension in small-scale experiments, and the llke. These are
discussed in References 22 through 24.

The approach of a bubble toward the surface and its arrival and emergence produse =
violent uphecaval of the water, which {s thrown up and outward as plumes. The upward
migration of an cxplosion bubble from the thine of detonation until the second maximum may
bo estimated with the following expression (Reference 23):

n _
L m37 (i%ms) (1 -0 ﬁ:—:;i".z.) .24

Most of the uscful stdles of the plume phenemena .f ducy Dursts have baen conducted
with charges weighing Cud pounds. On the basls of thesu teste, ;'owoy v cweq clagslificd
us vertical and radial, the vadial plumes incmding those emerging av uny ungle with the

o surface oxcept a right angle (Reference 9). In some cases, a relatively narrow vertical
high-velocity plume s the first to emerge. This occurs when tho migrating bubble ¢ollapses
Juat beneath the surface and the rising botton of the bubble penetrates the layer of water
above the bubble In the form of a liquid jet. The depth for maximum velocity of thus type

of vertical plume I8 possibly at a A} of 1.2, After tho appearance of the vertical jet, the
bubble gases reexpand and push out a hamispherical mass of plumes that expand radially

I all directions. At depths of firing that are’intermediata batween those ylelding a narrow
vertical plume, the radial plumes produced by the expanding bubble are domiaant,

Since most cf the migration occurs within brief intervals before and after the times of
bubble minima, the times of plume emergence tend to cluster around these times, Plume
times, therofore, Increase In a roughly stepwise manner with increasing charge depth,

If a burst {8 sufficiently deep, the osclillations of the buuble will be damped out before it
raachea the surface, In this case, the bubble may float upward at a cosstant velocily wid
produce relatively small plumaes when {t omerges, At even greater depths, it may break
up inte smatles bubbles that nave little effect at the surface. The scaled depths at which
thes2 phenomena occur have not been estublished with certainty, but they probably increuse
with Increasing charge weight.

After the plumes {rom a deep underwator explosion havu subsided, a smooth circular
expanding patch of water remains, This eppears to be, an upvelling of water, tnduced vy
the emerging bubble. It has been tartmed 2 “carbon slick” in some HE studies lecuusy of
the presence of carbon in the patch,

The bubble formed by un underwater nuclear burst is different {n composition ana strocture
trom that formed by a conventional exploslon. In the latter case, it gaseous sphere of reaction
products is produced, and the bubble interface consists of the same particles during the first -
expans!on phase. A density discontinuity exists at the surface of the bubble,

In the case of a nuclear explosion, the water suerounding the Lurct is vaporizod and a
bubble of expanding steam i3 (ormed. Since water Is continvously vaporized while the bubhle

- AL
T AR _o® -
B e

expands, the interface is transferred from ore set of particles to another, 7he surface of
the bubble fg probably not sharply defined, since the density of the moist sieam at the
25 1
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interface should be the swne as that of the surrouncing liquid (Reference 17).
In Reference 17, the maximum radius of the bubble formed by a 30-kt auclear burst
(expected Wigwam yleld) at a depth of 2,000 feet (2 = 2,033 feet of sea water) was calculated
to b 376 tent. Assuming *Hat a relationship of the torm of Equation 1,16 is also applicable
. , towmeciear explosions, the following cquation is obtained:

yin
Apax = 1,500 Zn {« 25)
Exporimental evidence trom Operation Wigwam showed that a 32-kt burst, at a depth of
2,000 feet, had a first bubble period of 2.87 seconds (Referencu 17), I the gener o1 relation.
&hip for nuclear bubble periods {8 of the same form as Equation 1.17, the following result

18 obtalned:‘
. . 515 Y'? A
P - ~d0a%
' T T (1-0.10 ~3ax% ) (1.26)

For nuclear bursts, th* *ransitional depth between shallow and deep bersts may also he
taken as the depth at which -t %13 becomes tangent to the original watar surface at the
end of its {irat cxpansion, at.umir as in the case of HE, that the bubble is contained for
at least one oscillation. Sincs t%i= transitional depth 15 relasiiely qoact with nucluar bursts,
the hydrostatic preasure duo w the .tmosphere (13 {ee) may be neglocss tn a1 1,25,
Setting A, = @ In thin modifiad aquation, yields e following resut:

, c =240 YW .27

This equation serves as a good approximation far ylelds greater than 1 kt.
An _oscilla!lng steam bubble loses energy in the same manner as an oscillating gas
bubble, but also loses mass becauss of the condensation of vapor. Consequently, the

sascillaticns witl be J-...--.l wamidie  awd Mamm hobbta 021 Labsein o
D wis capldly, and & wlge mlub RUICAT GUCUIS Wiis Wadve \‘uuu

differently from a mlgr:ulng TNT bubble after the firat pulsation has ended.

For deep explosions, Equation 1.24 may be used for the migratio, of & nuclear hubhle
during its first oscillation. The subsequent bubble migration, periods, and maximum radii
may be calculated with methods given {n Reference 23,

The Wigwam results and data obtained with steam bubbles in the latoratory indicate that
4 nuciear bubble probably exists only through three pulsations. Reference 23 establishes
a depth at which three complets butible cycles are posaible as the transitional depth between
deep and very deep nuclear explesions. This depth {s given as:

. ¢ = 600 YA (1.28)

1.4.3 Masgs-Motion Effects—~Shallow Bursts. When a shallow burst occurs, a spray
dome 18 formed, but the mass-motion of water produced by the uxpanding bubble gases
follows closely behind the snock front and the risi.yg dome ls penetrated rapidly by a wa' -
column. It s difficult to distinguish one effect from the other in the early stages, sincu
there I8 no marked discontinuity in the motion.

As in deeper bursts, the expanding vubble causes an upward and outward acceleration
of the Water surrounding the explos.>»n. If the burst is shullow enough, the layer of water
above the charge ruptures while the gases are at a high pressure and the «vploslon products
are released to the atmosphere. For these very shalluw TNT explosions, the blowout or
outward venting of the content., of the hubble produces a dark smoke crown that expunds
rapidly (Reference 1). Although the internal pressure s reduced by the bivwrl. the water

26
CONFIDENTIAL

RTINS




- - e ’-*'wpwﬁmm”f’%'
' > e
e J»:.p

b i e AL £ 434 s

T

1t the sides of the bubble continues to move outward beesuse of its mertin,  The resustant
asotion forms a verduad coluna, which vises and penetrates the smoke erows. The continued
expinsion of the water results in an underpressure in the gases within the column, At this
stage, the rising water at the top of the colunin is pushed inwad by Wiwspletic pressure.,

T

. ‘ and converges to form a vertical Hquid jet that rises well=above the smoke crown. The jet ;
earries the smoke and spray at the inside of the crown upward, sometimes forming 3 ving %
vortex in the cyrown, . E::\:
If the water above a shallow explosion has not ruptuied by the thme ‘e bubt le poessure i
. drops to atmospheric pressure, the waler should start to Jecelerate, and hiosout will not

ogeur, A\ water column ind jet will be tormed, but no smoke ¢rown will be produced. In .
it INT eaplosion at this condition, the Jet may have a dark appearince, indicating the pres-
ence of cabon,

It is clear that the relationships between bubble pressure, depth of bm-st. and atmospheric
pressure are important for determining the nature of the surface phenomena of shallow
underwater bursts.

‘The adiabatic velation for the gaseous products of a INT explosion is ;,lvuu as (Refercnce
9): v

. w o\t . ,
pB 1,480 (v) {1.29)

. Where: Pp = pressure of vux inbubble fect of 222 water
W = charge weight, pounds
V = volume of gas in bubble, {t?
Setting Pp vqual to one atmosphere (33 feet of sea water) and solving for bubble radius,
A, yields

A= 171 W 1i.308

Y

LEOS

{f the hubhla radius is equal to the depth of burst (A = ¢), it follows that

S icid:

: ¢ = 171w ' (.31 :‘4‘:
7]

and ’:"'

Ae = 171 .22) 5

{ur the scaled depth at which bubble pressure is equal to atmospheric nressure when the
bubble gases reach the original surfice level. On this basls, the ratio of bubble pressure
to atmospheric pressure, when the bubble gases rise above the orlglnal surface, is constunt
for all charge weights at the same scaled depth A,

The radial growth of the water column nroduced by a shallow burst should depend upon
tne difference between atmospheric pressure and the pressure inside the column and on the
inertia of the water. For this type of nhenoinenon, the length and time scale factors for
the motion are the same (Appendix). I the cubo rogt of churge weight (W /’\ 15 emnloved

* as a length and time scale factor, rvadius-versusstime curves for the growth of columns
from charges at the 3ame geomntricaliy-scaled depth, Ay, should agree,.if all radif and
times are divided by W3, This scaling method iz substantinted by HE data, except for
late times when the column breaks up into spray. . .

. ‘The maximum column diameter Dy, has bes . measured on a large numbe,  Jf tests
using TNT charges ranging from 10 to 4,200 pounds in weight (Reference 1), [t is a relatively
reproducible dimension, and Is a function of W*‘? for bursts at a constant 2o The.following

* a7
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two cquiations show this dependence; Equation 1.23 is for explosions at mid-depth and
Equation 1,3 ir {or explosions on the bottom.

Dy = 6.75 W3 1.33)
{valid for Ag = 0.26 {t/1b'3)

Duax - 8.01 WA pq 0168 £.34)
(valld for 0.25 <Ay <2.22 ft/1b'?) ’
. " Where: Doy = maximum column diameter, feot

A - reduecd water depth, for Lottum explosions, [t71b17

The mechanism of rupture of the layer of water above a charge, which results in a blaw=
out of detonation products, is not {ully understood. If this preeess scaled geomet:feally,
blowout would always occu™ at values of A less than somz critical value, For HE tests,
the prescnce of a black 81 . crnwn at carly times s considered to be evidence of blow-
out, and photugraphs of cha. s3 welvhing up to 600 pounds shiow a pussible eritical A,
around 1 (t/1b'® Reference .} However, there s cone evidance that blowout will cnly
occur at smaller values of A, fo.o 12 ger charges, and the phenomenn in the « "ical ~pth

region require further study. A possible expiunaticn for this is fount in Li. theory of Instae
bility (teterence 14). Avcording o this theory, bubble gases will penetrate the layer of
water ahove a charge only while the luyer s being accelerated upward. The rate of penc~
tration is proportional to the wavelength of the disturbances In the layer. The actual explo-
slon process is doubtlessly more complicated than the process treated in this theory,
however, due to the presence of the tlome, cavitation effects in the water, turbulencs, .
thermal effects, and the like. In additiou, the wavelengths of surface disturbances may bo
1uughily tho saum v eaplusions of diffsssni magniiudes, As a tusuii, tiv ponetiaiion ol e
thick layer of water above a large charge may take longer, scalewise, than the penetration
of the thin layer above a small charge at the same A, If this occurs, the bubble prossure
in a large bubble may drop below atmospheric pressure before rupture takes place, and
blowout will be prevented,

Shot Baker in Operation Crossroads was the only shallow underwater nuclear lest avafls .
able for study prior to Operation Hardtack and has been used for the development of nuclem ’
prediction methods. Since a well-developed cauliflower cloud was ohserved during Shot

. Baker, it is believed that a blowcut of detonation ({issicn) products occurred. Using a
radiochemical yield of 23.5 kt and a depth of 90 feet for Baker gives a A, of 0.249 ft/ 1b!A
or a Ag of 315 ft/kt'® . Equation 1.33 predicts a Dpypy uf 2,440 feet for Boker, The
observed vaiue was 2,030 fect, which implies that the Baker TNT equivalence, in tarms of
column formation, was 13.6 kt. Accordingly, for nuclear bursts scaled to Shot Baker, the
following expression has been employed:

Dpax = 710 Y7 (1,35
(valld for A, = 31.5 ft/kt!A)

If the sume equivalence factor is valid for shallow bettom shots, the following expression
may be obtained from Equation 1.34 for bottom bursts:

0

el
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Dpax = 377 ¥4 g% (1.36)

(valid for ag >31.5 ft/kt!3; XYy <1) |

This equation is possibly valid for ali shallow depths as indizated. Although Dmax
sc~'es gcometrlca.lly in tarms of A, the transition from shallow to ueep hursts does we
occur ot the same A for all charge weights.

The max.lm. m overall helghis of the surfuce phe'nomem. of shallow bursts acale gso-.
nietrically in the same marner as maximum column diameters over the range of weights
studied (21 to 4,200 pounds). The cxpressions for the maximum height of the central
liquid jet are (Reference 1):

Ymux © 658 wit . N .37
{valid for Ay & 0.26 ft/1b!? at middepth)
“ = 04,8 Wi )4 03 (1,38)
(vald for 0.1 <24 <1.11t/1b'3, bottom shots)
Where: Jyax = mavivum jut helght, feet,

T:'grc {5 cvidence that small L charges produce the highust juls «l 4 Ag of about 1.1
ft/1b*7,

‘The technique of using the rativ of observed nuclear to sxtrapolated TNT values may also
be appiied to maximum jet heights for prediction purposes. However, as there ia little
physical basis for thla method, the resulting equations are considered to very approximate,
There was no central }quid jet during Shot Baker, though a hollow white cylindrical plume
was observed rising above the cauliflower cloud. Maximum !ot heights arc deterinined by
initial Jot velocity and the retardation of the jet due to gravity and atmospheric reasiatance.
Since the obsceved Jets arc ofton multiple In nature and may be different In structure, which
leads to differences In breakup and retardation, it rmay be purely fortuitous that geometrical
scaling liolds for small HE charges,

Equation 1,37 predicts a maximum Jet heigh:. of 23 BUU teet for the Baker conditfon. The
obgerved maxdimum height of ths whils plume wis 8,000 feet. Assuming that zhis ratio is
generally valid for shallow nuclcar bursis, the ‘ollowing equations arc obtained:

Jnax = 2,800 YI4. © o (1.39)
(valid for A, % 31.5 ft/kt!?)

Imax = 1,200 YA pq 0232 (1.40)
(valid for 12,6 <Aq <139 ft/kt!R)

1.4.4 Base Surge, The column from a shallow burst and the plumes from a deep bucst
both break up lnto'Tp'ray and collapse to form a toroidal cloud called the base surge, which
expands radially along the surface of the water. The surge consists of spray dreplets, with
entrained alr and explesion products, and behaves (nitially in the same mamer .o w ueu?
homogeneous fluid.

In a auclear burst, part of the radioactive fission debris becomes intimately mixed with
the water droplets in the visible base surge, VWhen the water evaporates, tha {ission products
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remain as an invisible cloud or aerosol that continues to cxp.md. The term “base surge’”
applics to Loth the visible and invisible clouds.

it is convenient to consider the surge behavior as consisting of three stages. During
the tiest, or gravity flow, stage, the surge does nol mia appreciably with the ambicnt
atrsaspacte. Duving the second, or mixing, stuge, the surge engulfs ambient air and the
tion i grad wlly retarded. In the final, or diffusion, stage, the surge has lost its kinetic
energy :nd has beccne o cloud of fine drupiets, which drifts with the wind, Thyre is
probably a slow growth due to eddy diffusion until the surge cun no longer be Identifien.

During the first stage, the main forces governing the surge {luw are gravity and faertia
(Reference 4).  Consequently, the motion at different scales may be reduced by the use of
Froude scaling parameters, in which the time scale (actor is equal to the square root of
the length scale factor (Appendix). In shallow explosives work, the maximum column
dlameter Dy, has been used as a characteristic length, and surge radius-versus-time
data has been veduced by dividing the values by Dpay and the square rout of Dy vespecs
tively Reference 1), Reduced eurves for the hase surges are similar for churges welghing
from 100 to 4,200 pounds at depths geometrically scaled to Shot Baker, and on the bottom
at scaled dopths Ay rangh  “~om about 0.26 to 1.1 ft/1b*5,

Prior to Operation Haras ¢, ¢ w Shot Baker base surge was used as a prototype for
shallow underwater nuclear tarsts, Jince scaled HE surge radius-varsus-time da‘a did
uot agree with the nuclear data . late thmes. Tor other ylelus anu depiic, maxirum column
dlameter was predicted with kquatles 1,35 or 1 28, The predicted Doy oo I3 ~yuute root
were used to convert the scaled BRaker aurge radina<tima data to the values for the expected
burat conditions (Reference 1),

It was assumed that the Wigwam surge wuR typical for deep nuclear bursts, and rough
estimates of the surge dimensions tor other yields were made by using the cube root of
yleld as a linear scale factor.,

HE test data shows that the air entralned by the water droplets in the base surge is
cnoled to the amhient wat<hulb tamperature by the evaporation of the droplets (Refarence 2).
The surge is, therefore, cooler and more humid than the surroundirg alr and can bo detected
with temperaturc~humidity instrumentation. As the surge mixes with the ambient air, its
temperature and humidity gradually return to the ambieat lcvel. The rapidity ot mixing
depends on the degres of turbulence In the base surge and the mechanically and thermaily
nduced turbulence of the atmosphere.

In HE tests, the base surges-evaporated In relatively short times, ranging fram about
8 seconus for shallow 100-pound shols tu ubout 30 seconds for shallow 4,200-pound shots
(Reference’'l), Tha surges from deep 300: pound TNT shots were brief in duration and were
80 tenuous that they often were not measurable on photographs.

The Shot Baker hare surge was large enough to lift the ambient alr to 1ts condensation
level, which cansed the formation of new clouds. At the same time, rainfall develoged in
the surge, and much of the original material was probably removed by this process (Refer-
ence 35;  The clouds formed by the explosion were visible for uver un hour after the shot.

The Wigwam bage surge, which was smatler in size and probably less dense, became
Invisible from the surface about 4 n.inutes after tne shot (Reference 6) as a result of the
evaporation of thy liquid water droplets, though the radioactivity it earried was detectea
downwind between H + 13 and H + 22 minutes (Reference 26).

L5 TEST CONDITIONS

Shot Wahoo was a 9-kt (+1.5 kt, =0.5 k0) device [1zeo at a depth of 500 feet in water woout
3,000 feet deep. (The yields used in this report are thnse considered most accurats as of
6 January 1960 and not necessarily those currently considered as best estimates.} ‘fhe
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detonation occurred south of Eniwetok Atoll at 1320 losal time on 16 May 1958 at a position
zhout 3 nautical miles west of Site Glenn (Igurin Island). Shot Umbrella was an 8-kt (+2.5 kt,
=1.5 kt) device fired on the bottom of Eniwetok lagoon at a depth of about 150 feet. This deto-
nation occurred at 1113 local time on 9 June 1958 at a posivnn aboul 2 naufical miles north-
northwest of Site Glenn.

Shot ‘Wahoo was In the category of deep bursts (Section 1.4.2}. The Wahoo bubble was expected
te. oscillate once before breaking through the surface. Shot Umbretla was a ohailow “uzat
(Secticn 1.4.3),

The 150-foot depth indicated for Shot Umbrella is nominal; the txact depth at the point of
burst was possibly 148 to 149 feet. The bottom surface was irregular, ranging (rom 134 to
150 feet in depth withia 3CC feet of the device (Reference 27).

The meteorological and oceanographic conditions reported for the two shots are summarized
in Tables 1.1 through 1.4.

TABLE 1.1 SURFACE WEATHER OBSERVATIONS, SHOTS WA#HQO
AND UMBRELLA

Shots: Wahoo Umbrollu
Sea level pressure, mb 1,013.1 1,010.8
Alr temperature, *F 81.8 83.0
Wol-bull onpsralute, *F 713 W
Dewpolnt temperature, ** 73.0 72,0
Relative humidity, percent 63 63
Wind direction, degrees 090 050
Wind speed, knots 15 20
Visibility, miles 10 20
Cumulus clouds:
Ainount (/] 0,2
Buse altitude, feat 2,300 2,000
Top titude, fest 4,000 4,000
3
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TABLE .2 RADIOSONDE AND UPPER WIND DATA. SHOTS WAHO) AND UMBRELLA
- - Wind Wi Relathve
Height Direction Speed Pressure  Temperature Xilln;lgll_'__\i_
[eet deprees hnots mb F peitaus
Shot Wahoo:
Surface 090 15 1,013 87.5 63

390 - - 1,000 9.2 70
1,000 0% 19 -~ - -

' 2,600 o9 19 - . -
2,951 - - Ly 66.6 %4
3,000 030 17 - - -
4,000 w90 15 - - -
4,212 - - Ll ] 65,3 49
4.9587 . - 851 €2.2 -
5,000 0 11 - - -
5,010 - - ¥50 62.2 7t
Shot Umbrella:

Syrface 030 28 1,010 85.0 .

310 - - 1,000 W1

1,000 050 23 - .

2,000 060 ) - -

2,986 - - - - P

3,000 070 21 - - -

4,000 080 22 - - -

4,200 - - 873 67.8 G5

4,940 - - 850 60.6 36
' 5,000 080 24 - - -

5,118 - - LI R8.A 29

TABLE 1.3 OCEANOGRAPIIC DATA, SHOTS WAHCO AND UMBRELLA

K Wuhoo Umbretia
Surface water temperature, *F 82.0 82,0
Surface current direction, degrees 302 -
Surface current speed, knots 046 -
Surface sound velocity, (t/sec 5,045 5,050
Surface salimty, parts per thousand 41 -
‘Surface density, ‘slug:/n' 1.93 1.94
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Chunter 2

PHOTOGRAPHIC PLAN

2.1 GUIDING PRINCIPLES

Although all of the visible surface phenomuna of an «nderwater nuclear explosion are of
scientific and practical interest, the scope of Projcet 1.3 was limited by hudgetary consid-
erations and it was not possible to measure all of ths surface effects with the desired degree
of precisicn. Therefore, it was decided to emphasize *he recording of the visible phenomena
associated with Init’al radlation and the spread of radivactive contaminants. Such Information
{s currently of vita  .portunce in the development of naval offensive and defensive tactics.
Together with radiol. .cat Juta, it can be ugad o determinc the safe standoff distance for
a vessel or afreraft a:livering a nuclear weapon; ft »au provides an estimate of the aize of
the hazardous arsa. \

In preparation for the tw. shots, prewctss... wero niade concerrt 5 the times of appear=
ance, rates of growth, and maximum sizes of the expected surface phenomena, The results

‘ of Operation Wigwam (Refcrence 6) and Shot Baker in Operation Crossrosds (Reference 21)
were scaled to the conditions of Shots Wahoo and Umbrolla, respectively, according to
scaling laws established with HE, 1t was assumed that the fallout and base surge would be
carried downwind at the speed of the wind and would be visfble up to 30 minutes after each

' shot. For plunning purposes, it was also assumed that during each shot the wind from the
surface up to 10,000 {eet would ba blowing from 73° Truw ot & apesd ul 15 Auuts.

Personnel of Project 1.3 preparcid and submitted a photographic plan, which included
adequute buckup camurus so thut purtial faflure would not hamper the analysls, and which
also provided extsnsive downwind coverage with overlapping flelds of view. A coordina‘ed
technical protographic plan was then prepared hy Edgerton, Germeshausen, and Griar,

by Samr

ey
s

Inc. (EG&G) for Program 9, which had the responsibility for consolidating the requirements "z}

of the various interested projects. Thig was done for the purpose of eliminating duplication &1

and reducing costs and effort. - g

. Camera stations were estabiished at the Eniwetok Proving Ground {EP3J) by EC4G. 2
Camera timing was accompiished with 200-cps or 12.5-cps timing dots, clocks, and inter- ;,,'

valometers. A radio-transmitted fiducial signal was placed on the high-speed (1,000 {rames/ o

sec) camera records to {ndicate the actual time of dctonation. i

&

2.2 CAMERA LOCATIONS, SHOT WAHOO

For Shot Wahoo, surface camera stutions were established on Site Glenn {lewt.n Island),
on two vessels (LCU-479 and DD-728), and on a 300-foot tower on Site Elmer (Parry
Island). Flgure 2.1 shows the l~cations of these stations in relation to surface zero. Two
of these stations, Site Glenn and the LCU-479, wcve unmanne«t, while cameras at the other
two stations were manually airaed. Camera and lens data and other pertinent C.tu vt wie s
. surface camera stations are given in Table 2.1, ‘.he sivgle camera on Elmer ap arently
’ started late and yielded no record.
Camera s*ations were also located in four ai.cratt; one RB-50 and three C-54's.

4T
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~tinent cumera data for the aircraft camrera stations i given in ‘Table 2.2, These cameras
w. all manually ;med. The RB=50 flew at an altitude of 24,000 feet in a figurc~8 pattern
« woaurface zero. The three C-54"s flew at average altitudes of 1,50¢, 5,100, and 10,600
oo enitiadiy, dicy dow o clzcles aboul sutfate curo wid alter 7 80 18 mlautes we
racetrack patterns approximately upwind or crosswind of the expected surge drift:

Flgures .2 through 2.5 show the horizontal {light paths of each aircraft. Thesu fIgures
show surface zero nnd the horlzontal plot reference polnt {labeled “Center of Ra iar Plat'}
as two distinet puints, This dis¢repancy apparently was due to a change in the surfacs zero
coordinates or the tse of the wrong coordinates in setting up the »adar system. On Figure
2.5, only the portions of the flight path where the camerus were facing the explos!en phe~
nomena are shown,

Slant.ranges from surface zero to the C-54'3 were computed by EGAG {rom the horizontal
flight paths and average altftudes, and are listed {n Table 2.3, The altitude of the RB~50,
as computed [1uw e r2dar tracking data (Brush recorder rezords), (8 given {n Table 2.4,
The altitude of the RB-50, computed {rom photographs when the aircraft was dirently over
surface zero, using known distances of ships in the target arruy, wus only 0,5 percent
lower than that computed { = f#le Brush recordor data at the same time.

Position information for v, w18 vessels in the targot array wus supplied by Program
9 (Table 2.5). ;

2.3 CAMERA LOCATIONS, SHOT UMBRELLA

For Shot Umbrolla, surface camera stations were located on Site Glenn, two vessele
(LCU-479 and LCU-1123), and on a 300-{oot tower on Site Elmer. The locations of thess
atations {n relation to surface zero are shown in Figure 2.6. Except for that on Site Elmer,
all surface camera stations wore unmanned, The surface cunera fnformation Is summarized
in Table 2.6,

Camera stations were again located in four aircraft, which flew flight paths similar to
those or Ghot Wahoo. The RB-50 flew at an altitude of 24,000 feet and the C-54's flew at
nominal altitudes of 1,500 feet, 9,000 fout, and 10,009 feet. The alrcraft cameras were all
manually aimed. The photographic data is given in Table 2,7. Horizontal flight paths are
ghown {n Figures 2.7 through 2.10. On Figure 2.9, the times shown were obtained by fu«
terpolating between marks placed along the flight patk plot by the contrallar at 1-minuta
intervals. Normally, thesa marks were used as only a rough irdicadon of elupsed time
along the flight path and a3 a check on the time murker system. On tha plek, howevaer,
comparison with the timed photographic records at points along the flight path showed that
these marks were more accuiate than those supplied ty the time marker generator, which
apparently was not functioning properly.

Bacause no Brush recorder records were obtained on this shot, slant ranges for the
C-54's were computed from the nominal altitudes and horizontal flight paths by EG&G
persoint! and are given in Table 2.8, These slant ranges were checked, where possible,
agalnst ranges calculated from the timed aerial photographs and were fourd to agree within
£1.5 percent. Radio altimeter seadings were racorded by 2 member of the RB-50 crow
and are listed in Table 2,9, Taklc 2.10 gives the distance and bearing of each vessei in the
target array relative to surface zero. These values were obtalned by EG&G from a pholu
mosale taken about 30 minutes prior to the time of the shot.

2.4 ACCURACY OF PHOTOGRAPHIC MEASUREMEMTS

Nearly all the analysis ~¢ the photographic records was done by EG&G at Bostan, Mass,
Tre original data will be published separately by EG4G (Reference 28). Photogrammetric
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scales on the records were established by using the distance between cinaera and subject
and the calibrated focal‘lcngths of the lenses. ‘The camera-to-subject distances of surtace
stations were obtained from photo riosaies und surveys and are accurate to within 1 1 per-
cents  Lens caibrations were pertormed at EG&G and are wecurate to 10,01 percent,

Measurements were made on the original films at EGZG using . microcomparator and
the data were reduced by means of 2 Burcoughs computer, Some measarements were also
made with .t light table and & Bausch and Lomb hand magnificr.

Some mcasurements were also mads by Project 1.3 personncl. At NOL, rieasurements
were made on duplicate positive prints of the 35-mm records using a Telereadex, mansy~
{actured by Telecomputing Corporation, North Hollywood, California. Additional measure-
ments were oblained {rom tracings made on 2 modified Recordak microfilm reader 2nd from
contact paper prints of the 70-mm records. Moviola i“Im viewars were used at hath NO1,
and EG&G for view!ng the 35-mm ({lm and obtalning arrival times, Neither establishment
had equipment for viewing the 70-mm films.

As the measurements of suyface phcnomena involved a certain asnownt of subjective
judgment, spot checks of the work done by EG&G were made by NOL personnel. In addition,
EG&G checked sor  ~( its measurements for observer error by having more than one person
moasure the samo ;. «on:sa i on the same record.

Shrinkage of the o1 .gina! .ilm, which can amount to 0.5 percent, was n:glected in the
phulogranuuetric medas. < .2nts. In addition, dn undewrmined e,70% vas &' vducsd iy
making the duplicate copies of 35-mm f!! ;2 renrnndy used for the Mmicevui casiie at NOL.
However, it is doubtful that thls svurce of error was more serious than those introduced
by uncertainties In camera distances and poorly or Irregularly defincd phonomena.

2,5 RADAR POSITIONING AND TRACKING OF THE PHOTOGRAPHIC AIRCRAT'T

Positioning and tracking of the four photographic aircraft used on Shots Wahoo and Um-
brella were carried out by Program 5 persannel. Four M-33 fira control tracking radar
systoms, which had tean modified for positioning and tracking experimental alrcraft, were
used to control the flight paths and to obtain aircraft position-versus-time data. These
modified M-133 radar systems have a range of about 60 miles and are capable of providing
positivi-versus-time data with an accuracy of +200 feet.

On Shots Wahoo and Umbrella, cach photogruphic alrcraft was tracked by a separate
radar, which was locked on the aircraft to tessen the pogsibility of shifting targets. (Radar
beacons, to prevent such target shifts, were not provided for the alrcraft, although they
wers Tequested.) The position-versus-time data was racorded {n two different forms: as
a plot of the horizontai cumponent of the [lighl puth relative to a preselected reference polnt
(in this cass, surface zero) and as Brush recorder records (obtained op Shot Wahoo only)
of alreralt range, azimuth, and clovation relative to the radar van. The slant range of the
ajreraft from surfice zero, necessary to analyze the photographic records, zould be
~nmpputed from efther or both sets of data,

Positioning of the alrcraft was accomplished by means of the horizontal flight path plotter.
By noting the position of the plotting pen relative to a scaled drawing of the plaon 4 fiight
pattern on the plotting board, the controllur for each afreraft could detect and ¢orrect, by
radic communication, deviations from the planned flight path, Trixl runs prior to the tests
enabled the controllers and pilots to eaecute che planned tignt paths with considerable pre-
cision. Slant ranges to sucface zero obtained from the horizontal Qight nathe, Mpest ‘
recorder data, and by scaling known distances on *he photographic sccords, all aereed to
within £ 1.5 percent. Angular measurements fzo:n the same sources agreed to + 1*. These
errors were approximately double on portions of the flight paths where the oviginal plotting
scale had been reduced in order to keep the pen on the plotting board, Such portions of the
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2.6 OPERATIONAL AND PHOTOGRARIIC PROBLEMS

flight paths are noted on the appropriate figures.

" The technical photographic-effort wag a marginal one, because only limited equipment
andemanpower were available. However, a considerable amount of useful data was obtained
heeause of .wo fortunate circumstances: the light cloud cover.and the avallahility of Progiam
5 radar cquipmant and personnel.

The aircraft photography wus planped on the expactation of more than 50-percent sloud
coverage af low levels (2,000 to 4,000 feet): therefore, the possibility existed that only the
C-54 (lying at a 1,500~foot altitude would obtain complete records. In the event taat the
plumes penetrated the low cloud layer, the higher C~54's would record plume height-versus-
time data at levels above the cloud tops. In addition, the two aighcr C-54's and the RB-50
would obtain photographs of the surface only when they [lew over breaks In the clouds,

Because only scattered clouds were present at low Jevels on hoth shots, the three high~
altitude aircraft obtained more extensive coverage than was a~ticipated. This was particue
larly fortunate, because the surface photography proved to be inrdequate for determining
the overall movement of & Jse surge for more than about 2 minutes on Shot Wahoo and
1 minutc on Shot Umibrella,  vaan (dsv foriunate that Program »'s radar equipment and
personnel were available at PG tor pusitioning and treckine the photographic aireraft on
Shots Withoo und Umbrelia.

On Shot Wahoo, 41 caineras were used, seven of L.uich were color docut...ntarfes and
had no timing. Two camneras fuiled to operate and yielded no records; one of these was
the important 500 frames/sec Fastax in the RR-50. Timing failed on one record; one
camera started late; and the four 70-num cameras located In the adreraft were not cleared
of the fogged leader, which resulted in the loss of the first 1 to 1% minutes of these records,

On Shot Umbrella, 46 cameras were used, seven of which contained color {ilm and had no
timing. Only one camera {alled to operate. One record contained no timing; on another
reeord, the timing dots appearcd caly fnteriniliently aluiyg thw edyge of the filin.  Two cameruy
started late. Individual records were also heset by such problems as poor resolution,
distortion, erratic camera speed, wid shutter mulfunction, For exanple, the imuges on
Films 52263 and 32281, which were to be used for measuriag the downwind riotion ~{ the
base surge, were so distorted that they werw nut measurable. The rcuson for this as not
been determined, .

Probably the greuatest photogrammetric prot:lem encountercd in the analysis of the Hurd~
tack data arose In efforts to determine detalled hase surge contours. Tils pruved to be .
impossible with the limited surfane photographv and the only photographs possibly sultable
for this purpose were the 70-mm Maurer records obtained on the afreraft, However, these
did not provide continuous coverage of the ontire surge clouds, and the distortion of shapes
on most of the available prints made {t Lw.cucticuble to attempt to rectify the images by
conventionu] methods. As stated n Sections 3.6 and 4.6, it was decided to measure only
the maxiuam surge diameter as seen {rom the photographic aircraft because of the effort
required to obtain complete ~antours, A few contours ware ovtained from the RB-50 records
on both shots when the alrcralt was directly above thi: surge.

Thé contours are of particular importonce in the: unalysis of radiological data. Since a
base surge Is usually extremely frregu'ar, the time of arrival at a station cannot be obtained
accurately without detailed knowledge of its shape. (It would be desirable in future tests to
have most of the photographic alreraft, spaeant a tew minutes apart, fly figure-8 patteins
directly above the base surge. With cameras uimed vertoally downward, the surge, e »
algo the fallout and foam patch, could be accurately mappad.  An adreraft at a safe distance
but at a low altitude, such as 1,500 feet, would also be ,eeded to act as a y2neral backup
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and provide detalis not visible from surface camera stations.) f/
Anviner photogrammetric problem arose in the analysis of photographic records obtained N
on floating platforms. Un these .ccords, nearly every frame required a correction for %!
va.aera tiit and horizontal shifting ot the optic axis. In somc cases, fixed refercnce polnts .

wera ohacured hy the explosion phensniena, and quantitative measurements could not be -
nhtained boeagce the motion of the camera was not known.  (Isluid slutions shwuld be utilized ™
to the maximum possible exte.t In future work of this nature. The datz Zcom tiey fixed i ’A

statlons can be analyzed quickly and can serve as checks on the less accurate results obtained * F

{rom floating or alrborne statione.)

On Operailon Hurdtask, an ideal site.for an {sland camera station (Site Kelth) was passed
up on Shot Wahco {n favor'of a moored barge, because the harge station could be used again
on Shot Umtrella. Although this probably reduced costs in the fleld, it increased the cost

and effort in the analysis.

The color Cocumentaries would have proved more valuuble if timing had been provided,
since somo phenomena were more distinatly seen on these records than on the black-and-

white photographs. .
It would also sc’ *~ desirable to utilize F-56 cameras at the surface stations,

proved to be Invalu.  on Jp:vation Wigwam. They are not only useful for measuring
rvelatively slow phenor wau, .uch us the base surge, but, because of thelr excellent 1vsolu-
tion, are helbful in es:3 {rhiag camura distancus and positiond af tareat vognals, They

are also wseful for ruosiablisning thines o» intarrupted recorda,

The 70-mm cameras, used {n Operation Hardluck wrw smulior und lighter thanthe F-36,
making them mcre tyitahle for use in alrcraft. However, tho F-56 records are much more

readily analy *:d,

1t should I+ oolvted vut that the 70-mm camaras had not been fully tested and evaluated
prior to thelr ues -~ Operation Hardtack, Thue lack of experionce with these cameras
probably accounts Jor the fallure of personnel to clear the leader on the four wlreraft Maurers
used on Shot Wahoo. The shutter malfunction on the RB-50 Maurer on Shot Umbrella asd
the distortion of phancmena on the surface Hulchers, which were almed downwind of surface
zero, could probably have been avolded {f operating personne] had tried these cameras
under similar conditions prior to the tesis. In addition, the 70-mm records showed evidence
of [ilm elippage, a result that gavat)y reduces the value of the cameras fo~ technical

photogruphy.

In general, the best results were obtained with cameras that had a prior history of
success(ul technical use. It 1s creantial that all now techniques and camoras be fully
evaluatad and tried under fleld enncitions before their employment on anjy experiment

as unique as a nucloar test,
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TABLE &1 ALTITUDE OF KB=u0, SHOTI WAHOO
. Time id referenced fvom <wlip zero time, AMtitudes wore computed oo
llrush_x:g_con[cr dat. —
T s RUTTE Tans Pt Thine aliwae
. ' min and s feel nitn and see feet min and sce feet
N - dero
‘time 24,250 1:20 T 24,050 15:40 23,950
0:10 . 24,070 7:40 24,150 . 16:00 23,929
0:20 24,030 8:00 23,840 16:20 23.830
. 4 [0} 24.160 8:20 24,980 15:40 23,340
0:40 24,170 8:40 21,840 17:00 4,060
0:30 24,180 9:00 23,750 17:2 23,940
1:00 £3.980 9:20 3,801 17:40 21,990
1:20 24,060 9:40 23,650 18:00 24,200
1:30 23,80 10:00 23,800 18:2 43,9¢%0
2:00 23,850 19:2 23,880 18:40 24,150
2:20 24,210 10:40 24,00 19:00 24,010
2:40 23,949 11:00 23,750 19:20 24,060
3:00 23,930 11:20 22,930 19:40 23,980
. . a:20 REY] 11:40 24,180 20:00 21,860
. 340 2190 12:00 24,170
L "o o 00 2.2 2hiou
4120 FARLU] we 24,290
q:t0 23,730 18:00 24,060 '
v 5:00 2LA50 12;20 24,230
5:20 24,020 13:40 24,120 .
50 4,075 ~ 14:00 24,00
6:00 24,080 14:20 24,040 -
6:20 23,970 14:40 24,080
* 6:40 23,930 15:00 24,020
700 24,150 15:20 24,122
TABLE 2.5 TARGET ARRAY, SHOT WAHOO
Vo Distance (rom  Bearing from.
Vesscl Surface Zero*  Surface 2010 llcad'x:x_
. fuet
ECs2 2,348 2 RV T 2080 300
DD-474 2,915 245 ¢ 249 3¢
DD-592 4,833 2500 45 329 00
DD-593 8,887 245 36 242' 00
YC-1 3.413 31° 49 -
YC-2 1,915 29 580 -
Zero Baige 674 244 01 -
YC-4 2,014 251 15 -
. Yec-5 4,337 251 O -
YC-6 6,250 248 52! -
YC-7 7,843 247 29 -
YC-8 10,108 Sy o2t -
YC-9 9,993 . 249 52 -
N .
¢ Distance {s measured trom the 2ero Buoy to the amid~ "
3hips centariine of each vessel.
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TABLE 2.

Time is referenced from radlo zero time,

e

-~

st
St YA
PR A

o . o0
AR it s SHX sa s Voo™ s

RADIO ALTIMETER READINGS YOIL stsmdu,
SHOT UMBRELLA

Altrrae

© T RHIT Time
nyin and 2o fect min.ant scc
-1:00 24,400 5:30
~ 50 24,10 6:00
-0 34,550 4130
=130 24,350 7:00
-120 21,225 7:30
=~:10 24,578 8:00
Zero Time * 24,400 8:30
110 24,450 9:00
:20 24,425 9:30
130 24550 10:00
40 24215 11;00
150 24,200 1:30
1:00 24,100 12:00
1:10 21 A 12:30
1:20 2. 13:00
1:30 23,715 13:30
4o 23,700 14:00
1:50 23,727 11:30
2:00 23,875 15:00
2:15 21.850 15:30
2;30 23,925 18:00
2:45 23,850 16:20
3:00 23,850 1700
315 23,875 17:30
3330 23,300 18:00
Qs 23 100 1man
T 400 23,200 19:00
4:30 23,275 19:20
5:00 23475 20:00

[AN]
Al .

23,25
23AT5
23,37
2450
23,525
23475
20,200
23400
23,500
23475
23,550
. 23,575
21,575

23,600
2A45
25,650
e tla
73,450
23,625
23,525
23,525
23,575
27488

23,028 '
23,375
ER R EH]
23,3238

TABLE 2,10 TARGET ARRAY, ShOT UMBRELLA

; Distarce from Bearing feam .
Veusel Sarface Zero*  Surface Zero Heading
Teet -
EC-2 1,680 Toase o 80° 56
YFNB-12 2,340 68° 05! 70* 08'
DD-44 1,892 235 41 355* 06'
DD-592 2,969 248 27 I3+ 2
DD-593 7,823 249 12 242 31
17-barge 1,669 262 Al -
21-barye 2,070 237 57 -
45-skifl 4,739 248° 40" -
55-harge 5,104 2510 19¢ -
65-8kif( 7.0 250° 20" -
100-skiff 10,056 2490 28t -
Skifft 11,468 246* 3 -

* Distance is measurvd from the Zero Buoy te the amid-

ships centerline of each vessel.
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Chapter 3

RESULTS OF rHUOTOGRAPHY, SHOT WAHOO

3.1 SPREAD QF UNDERWATER SHOCK WAVES

Viewed {rom the air; the first visible evidence of Shot Wah:.0o was an expunding disk on
the surface of the water, wnich indicated the arrival of the primary underwater shock wave
(EG&G Films 51393, 51394, and 51376). The edge of the disk was darker than the surround-
ing water, and the expanding darkened zone was undoubtedly the direct shock wave slick,
similar to those observed in Operation Wigwam and in HE tosts., ‘l'his slivk was visible
{rom the ajr until about 1 snd after surface zero time (§%°1) when it had reached a rudius
of 5,500 feet, (SZT Is the v. o vt znpearance of vislblu surfuce effects.) It could he secn
for longer times from che su *(nce cumera stations.

The apread of wd widerwulss sinek wave along the water suriace may ve ¢ w2t J {rom
the following expression (Reference $):

r? = 2¢cUt + U 3.0
Where: r = distancc {rom surface zero along the water surface, feet
¢ = depth of burst, feet
U = shock~front propagation velocity, {t/sec
t = time, seconds

The culeuluted spreud, bas+d on a constant shock-front velocity of 5,050 {t/sec, i3 shown
in Figure 3.1. Slick measurements obtained from the RB-50 and the 10,000-faot C=34 ure
also shown in the tigure and range from 1 to 3 percent highor than the calculated vajucs.
This difference is not significant and is probably due primarily to measurament ditficultles.
1f a burst occurs at an unknown depth, Equation 3.1 can be used to obtain an approximate
depth, providing slich measuremunts are <vailable.

An expunding white circular patch was observed within the area of the slick. This patch
grew at a slower rate than the slick and reached a iaximum radius of about 2,500 feet at
0.6 secend after SZ°T. Except possibly for a few milliseconds during which the whiteness
mey have been due to underwatar cavitation, the white reglon seen from the alr may be
considered to be the primary spray dome that results from the reflection of the direct shock
wave at the surface. .

The dorae contained a central area of spray, which was entirely whita in appearance from
surface zero to a radius of about 1,000 feet, The density of spray thea gradually decreasci
at increasing distances and, near the outer edges, the whiteness appeared only on the
crests of waves. The periphery of the Jome was jagged and pocrly defined. Radius-versus-
time measurements of the central spray arca and outer ecge of the spray dome, as seen
from the air, are presented in Figure 3.2.

Af about 0.5% second after SZT, slicks were observed. to move rapialy inward and vutward
from i vadiue of about 2,100 feet. Following the passage of the slicks, a white annulus of
spray was formed surrounding the primary dome. This spray was produced by a pressure
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pulse that was generated by the collapse of the caviiated region beneath the surface.
\ Ma2agurements of the cavitation pulse spray ring are fncluded I Figuse 5.2, The sudden
4 expansion of the central dense spray region at 0.52 second is not understood. It is possible
that this was not associated with the cavitation pulse.
. Additional slicks and patches of spray were visible in the neighborhood of the EC-2 and

YC-2 about 1 second after SZT (Reference 29). One distinct slick was scen, followed by
several faint brief slick passages. Tk leading slick expanded unsymme+trically, growing
more rapidly in the offshore directivn than onshore. This slick was produced by the bottom-

. reflected shock wave; its lack of symmetry can be attribrted to the slope of the bottom. It
could be seen {rom the air to a radia] distance of about 10,000 feet (rom cvcface zero but
was visible to at least 13,800 feet on the surface camera records from the Observer Ship *
at a distance of 14,800 fvet {rom surface zero. Measurements obtalred {rom aarial photoe
graphs are presented in Figure 3.3. The less distinct slicks were due to other reflections,
possibly from strata beneath the ocean floor. The patches of spray resulted from focusing

» of the bottom-reflected shock by irregularities in the bottom and indicated local reglon. vt
high pressure (Reference 6).

» Two late slicks vere observed on documentury color {ilm taken on Site Henry by Lookout
Mountain Laborate LM T{lm MOF 41). Although no timed technical photograchy was
available from this 1« atlon 3 comparison with cameras on Site Glenn Indicates that these
Alicks appzarsd at ubent 29,7 and 30.7 seconas after 57T, Two slicks arrjved at the EC-2

l at about 2C.6 and 31.9 =zucuncy (Reference 19). Because the Site Vanry y we | wiry not pre-

cise, these obscrvatlung probubly represent wo same slicks. They present visanl evidence

uf the passage of the second and third of four pressure putsss reported by Project 1.1 as *

arriving at the EC~-2 between 28 and 33 scconds after the burst. These pulse times Indicate

a possatble relation to the closure and upwelling of the cavity at surface zero after the primary

plumes collapsed (Section 3.5). However, the relatlve arrival time of each pressure pulse

at the EC~2 gages shows a possible origin at a great depth. The avatlable information is
probably not adequate to identify the origin of these pulses.

The appearance of the slicks, spray dome, and spray ring Is shown in Figure 3.4. These
views were sclected from aerful photographs.

A {Iducial mark inaicating the time of detunulivn was recorded on the Eastman high-speed
record at Sits Glenn (EG&G Film 51337). This gave an interval of 77.9 msec butween the
detonation and the first visible surface uficcts. The agveonent with « valculaied value of
78 msec (Referenca 17) is excellent.

A dircet shock wave arrival time of 484 msce 2t the EC 2 was obtained by extrapolating

‘ Projest 1.1 valuecs obtained from = gage string extending {rom 300 to 1,875 feet In depth

(Reference 19}, The elick urrival time obtained from photographic meusurements was 372
msec after SZT, giving a difference of 62 msec between detonation and the first visible

. surface effects. Since the Project 1.1 value was obtained 2,300 feot {rom surface zero and
was, therefore, affected by environmental conditions, 78 maec is considered to be the most
reliable value of the Interval between detonation and the first visible surfuce elfects.

d.2 Al SHOOK WAVES AND CONDLNSATION CLOUDS

The first air shock wave, which resulted from the transmittal of a small fraction of the
energy of the primary underwat.r shock wave across the air-water boundary, was visible
on a few surface camera records (EG&G Films 51337, 51338, 51344, and 51372) It couli
be seen for about 35 msec, disappearing first in the center at about 26 msec ang finully o
the edges near the water surface. A peak pressuve of 0.19 psi was recorded on tas EC-2
from this alr shock wave 480 msec alter the burst (Reference 29).

' The passage of pusitive and negative pressure pulses through the cumulus cloud layer,
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which extended from 2,300 to 4,000 feet in altitude, was evidenced by momentary shrinking
und eniargement of the clouds, This elfect was most clearly scen on atrcratt color tilm
(EG&G Films 51379, 51383, and 51396). The compression in the positive pulses produced
an adiabutic warming of the alr at the cloud level and a temporary evaporation of the cloud
droplets. The negative, or rarefaction, pulses ied to adiabatic cooling and a consequent
Frowth of the droplets. .

ioud effects were noiced at three distinct times. These are indicated in Taste 3.1 ¥
conjunction with air shock wave data. The times of observation of cloud changes depeided
on the distunce of the cloud from surface zero. Since these distances were not knowrn, and
it is not likely that the same clcuds were observed from different camera stations. the
observed times of cloud effects have little quantitative significance, though it is possible
to identify the origin of most cloud changes with confidence.

No condensation cloud was observed on Shot Wahoo, other than the enlargement of the
existing clouds. The greatest reported pressure drop at the FC-2 was 0.18 psi. This was
evidently not large enough to lower the ambient temperature to the dewpoint and bring avout
condensation in the relatively dry air near sea level.

v

3.3 SPRAY DOME

The Wahoo spray dome was vi-ihle from surface camera st.iions within 1 to 2 msec
after the appearance of the alr shock wave. Initially, the spray dome koul - rera dv,
sinvoth vutline, which becume more irregulur as the dome developed. When it had reached
its maximum height of 840 fcet at 7 seconds, individual jets of spray could be clearly seen.
Rising above the main dome was a central cluster of gray jets produced by rislng objects,
The behavior of these objucts will bs discussed in-Section 3.4. The appuurance of the spray
dome at various times is shown in Figure 3.5.

As the dome reached its full size before plume cifects occurrcd, it was possible to
study its behavior thoroughly. Height-versus-time measurements were made at surface
zero and at 100-foot intervals to the right and left of surface zero on photographt~ records
obtained at the three surface camera atations. These measurements extended to 2 dome
radius of 1,600 fect but showed considerable scattar at radli beyond 1,000 fest., At 1,600
feet, the maximum mezasured height of spray was 23 feet. This result is consistent witis
the alreraft da.a, wiilch indicates continuous spray to a radius of 1,000 feet and patches
of spray extending as far as 2,500 feet. Smoothed spray dome height-versus-time curves
obtained at Station 940 (Site Glenn) are shown in Figure 3.6 as examples of the type of data
obtained.

Equations of the forin of Equation 1.9 were fitted ¢o the data at carly times in an effort
to determing the initial dome velocities and spray retardation factors. To simplify the
process, Equation 1.9 was used in liiear form, as follows:

%‘. =V, =it 3.2)

When spray dome values are plotted (i the forn. of height/time versus time, they can L.
fitted with a straight line whose zero intervept is equal to V4, and whose slope 13 equal to f,
providing the height-versus-time curve is parabolic (Reference 16). In reality, the height/
time values are erratic at early times because of a strong sensitivity to slight timing
errors, the difficulty in measuring height at early times, snd the possible occurrence ¢*
high instubility Reference 14) valwitics for brief intervat..

In practice, a straight line was drawn through the reduced height data points over a time
interval as close to zero time as possible. This time l.%:crval generally storted between
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1 and 2 scconds after SZT. At later times, the points also deviated from a straight line

in some cases becuuse of variutions in the setutdation factor.  An caanpic of tiis Lieat- g
inent of the Igurin Island data is shown in Figure 3.7. .
Values of the initial spray dome velocity at 160-(oot intcrvale nlong the water surface
! . were used to calculate the peak pressures in the underwater shock wave on the basis of
4

r———

Suuation 1.4, (It was assumed “ere that Py is negiigible. This subject is discussed in
; Section 7.1 These values and their means and standard deviations are Iisied in Tabie
' 3.2. Since the Wahoo shock wave had practically reached acoustic velocity when it reached
" the surface (Referencw 17), Fquation 1.4 was reduced to

34.7 Vo _

“Cos & . 83

Py =
. for this purpose.
Figuve 3.8 shows the mean values of the computed peak pressures together with peak
pressures predicted for yields of 3.5, 9, and 10.5 kt by Equation 1.10 for pressures lese
than 2,500 psi und by Reference 17 for pressures above 3,000 psi. Peak piossures ohtained
by Project 1.1 are also shown,
The peak presst calculated {rom initial spray dome velocities werc onsistently
. higher than those pre  *tcud we theory for a 9-kt yield, varying from 1 to 7 percent between
radii of 100 and 400 fc 2t {siwn ranges of 510 to 640 feet) to about 11 to 14 percent for radii
: of 500 to 700 feot (slant: .« of 707 to 360 feot), An offort was miade to me sure the
smoothed spray dome ut sur(aze zern. Mo cr~eistent valuas coule i uis ~inty, howaver,
because of the influence of the high central jet. At radii beyond 700 fect, the ‘data became
’ increasingly unreliable because of measurement difficulties.

The preasures measured by Project 1.1 were lower thun indicated by theory, in some
casea, prohubly hecause of the cffect of refraction at the distance of the gages. Since the
gages were at depths ranging from 90 to 1,875 feet below the EC-2, the presentation in

4 Figure 3.8 tends to aimplity the actual resnlts. The spray dome data indicates that the
pank pressyres at the enr{ace warn nat influeneed hy rofractinn, at least ta a slant range

el
»

of 860 fcet.

Table 3.2 includes estimated values of the Wahoo yleld, based on a comparison of the
calcuiated underwater peak pressures with theoretical values. These results, and the
presentation in Figure 3.8, Indicate that spray dome velocities are useful for estimating
the yield of an undcrwater nuclear burst, providing that the depth of detonation is known.
Although the calculated ylelds average 11 kt hetween slant ranges of 510 and 860 feet, the
four closa-In values average 10.2 kt and tend to lis within the range of 8.5 to 10,5 kt
indicated for the radiochemical yiaid. It therefore appears that yields calculated on the

J basis of spray dome velocities are reasonable when they are obtained relatively close to
surface zero, for bursts s.milar to Shot Wahoo. It {2 to be expected that, in general,
ylelds calculated in this manner on ficld tests will be high because of surface roughness.

Values of the Wahoo spray dome retardation coefficient [ were selected from dome
heizht-versus-iime daia in which { remained vonetant until the spray stopped rising.
These values are shown as a function of distance from surface zero in Figuic 3.3, ‘The
scatter is greatcr than the scatter shown by calculated peak pressures, though ‘h trend

. toward decreasing retardation with increasing distance from the center of the dome is
clear. This indicates the presence of larger drops near the edge of the dome. The vari-
atlon of {f with distanco for Shot Wahoo can be expressed as ,

‘ f =30 00T Q,4)
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The retardation factor, f, must reach a lower lmit of 16 {t/sec® due 1o the invariable effect
of gravity. Cousequently. Equation 3.4 is valid only to 2 spray dome rading of 630 (oot for
Shot Wahoo. .

1.4 TRAJECTORIES OF OBJECTS NEAR SURFACE ZERO

Several narrow jJets of spray rose above the Wahoo dome, trailing behind obiccts that
were propelled intu the air when the underwater shock wave arrived at the surface. With
the exception of one black: jel, which was located in a cluster of Jets near surface zero, all
the spray jets were white.

Figure 3.10 shows the region in the vicinity of surface zero prior to the time uf detonation.
The Zero Buoy was a modliied Navy telephone buoy about 10 feet in diameter. A steel Army
Transportation Corps barge section, which was 22 fcet in length and 9 foet 10 Inches wide,
was moured approximately 30 feet from the Zero Buoy and contained Project 1.11 electronic
equipment (Reference 20), A modified LCM, which housed tne firing racks, was moored
674 feet from the Zero Buoy at a 244° bearing. Small plastic buoys and a steel net buoy
supporied the instrument nable that led to the device. The steel buoy was possibly 300 feet
from srface zero; the pl = buoys were at greater distances.

A wiite Jet rose at the . .itius of the LCM, and smaller jets could be seen along the
instrument cable, yrobahly « wsed vy the rising plastic huovs. Tha black jet In the cluster
woar surfuce zero appeared b v sezniute ub the Preject .11 barge.

The trajectories of three of the b islng objecw vy o measured on Films " 837 (Site
Glenn) and 51328 (1.CU-479). Two of thesc objects are indicated on Figure 3.11. The tra-
Jectorles for all three are shown in Figure 3.12 and. in each case, a parabolic equation of
the same form cmployed for the spray dome helghts was (itted to the data. In all cases,
the lateral component of motion was negligible.

The photographic resolution was nnt adequate for tho Identification of the objects, and
the estimatues of the points of origin are probably not accurate because of measurement
gifticultles, Cbjcet Mo, L appearad to Cuine frum a pusitivn belween 83 wnd 110 fevi from
“urface zero hatwecn hearings of 239" and 247°, 1t had un initial velocity of about 500 ft/sec.

Object No. & scemed to originate 100 feet from surface zevo at & Learing of 259°. It had
an initfal velocity of about 440 {t/sec.

Object No. 3 possibly originated 50 feet from surface zero between bearings of 168* and
190°. Since these determinations are very approximate, It seems likely that this object
came from the Project 1.11 barge. It had a greater initial velocity (about 577 ft/sec) than
the others but decelerated at a much greater rate (Figure 3.12). Tts latoral motion was
about 65 [t/sec toward the southwest,

As seen from Site Glenn, the Jets ncar the center of the Wahoo dome appeared to merge
into 2 broad gray jet that was about 100 feet wide at 1.1 seconds after SZT. In general,
the objects In the cluster appeared to originate in a regien between the zero buoy and a
position on the array somewhat beyond the Project 1,41 barge. The breakup of the barge
probaviy iscolored the waer in this area. In addition, the possibility that some of the
contents of the expanding Wahoo bubble were ejected along the firing and instrument cable
should be considered,

Assuming a 9-kt yield, Reference 17 indicates thut the peak pressure at surface zero
was 10,400 psi. On this basis, Equation 3.3 predicts an initiul spray dome velocity of
300 ft/gec. The initial velocities of the rising objects that could be measured ranged
between 1.5 and 1.9 times the expected spray dome velocivy,

Similar results have been observed in HE tests in whi. i buoys or drums lorated at
surface zero rese rapidly above the spray dome. It is belleved thut no study of this
phenomenon has been made, but additional information-sould be extracted from the Wahoo
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records if such a study is undertaken. Useful data could alse be obtained from the photo-

¥ aranhic rocorde of Oneration Wiswam
SrOphiC rogorde of (perdiion yigwam

of plumes had an overall spherfcui shape at early times. At about 12 seconds, the vertical
growth had begun to decelerate rapidly whiie tha lateral slumes continued to spread.at an
almost constant rate, '

From then on, the shape of the mass of plumes flattered, and the plumes gradually
spilled over and broke up into spray. A maximum ovecall plume height of about 1,600 fect
was resched at 15 seconds atter SZT. By 20 seconds, the lateral plumes, had collapsed on
the surface, attaining a maximumn dizmeter of about 3,800 feet. The descent of the to,
surface of the plumes was meagsurable for about 27 seconds. Starting at 25 seconds, much
of the spray which formed in the plumes spread out radially along the surface as a base
surge.

The development . d cotiopse of the primary plumes is {llustrated In Figure 3.13. A
secondary piume fom,.ation (Figure 3.17) becaise virthle ahnve the top of t.he collapsing
primary plumes about- 2, scconds after 827, This formation reached a2t aum helght
of about 950 feet app=oximaiety 31 secomis 2ter SZT. The secondz,, plumes were not
symmetrical, Their entirve ghape could not be determined, as only a portlon of the top
was viaible.

The vertical rise and fall of the top of the Wahoo primary and secondary plumes is
shown In Figure 3.14, as measured from the three surface vamnera staticns., Each curve
represents an average of data obtained at one position. Maximum and average heights are
shown for the primary plumes, since a relatively small spike rose above the bulk of the
piumes. 1hs mwamum values were obtamed at tne op o Lnts Spike. ‘Lne Scalter in the
original data was about 6 percent for the primary plumes and 7 percent for the sccond-
ary plumes, duc to such factors as the varying degrees of resolution obtained with different

. cameras, the differences in appearance from different stations, small asymmetries, the
judgment »amuired in the determination of average heights, movement of plutnes outside of
the plane of measurement, and the like, Such scatter is normal in moasurements of this
. type of phenomenon. Because of this uncertainty, the maximum heights of the primary and
secondary plnmes on Wahoo should be considered to be 1,700 foet and 1,000 feet, respcctivcly.
. for aircraft safety coneideraiions (Chapter 8).

Figure 3.15 shows the right and left radial growth of the plumes, measured to the ex~
tremities, as seen {rom the three surface camera stations. The curves show a high degree
of symmctry and indlcatc an almost linear rate of lateral growth from about 8 to 20 seconds,
at which time the plumcs ‘reached the strface. The average maximum coliapsed pluma
ralius was about 1,850 feet, with an extreme measured value of 1,910 feet.

The behavior of the nuclear explosion Lukble and the subsequent formation of the plumes
is not well understood. Equations 1.25 and 1.26 indicate that the bubble reached : maximum

¢ radfus of 384 feet at 2.64 seconds after the burst. If the bubble expanded uniformly without
migrating upward, und pushed the surrounding water outward radially, the surface above
the burst would be lifted to a height about 87 feet above its original level. However, at the
time this nossibly occurred, the spray in the dome hud reached u height nf 640 tect ana au,
¢ Lulk motion of the surface was hidden.

‘the caiculated bubble period was 5.28 seconds. Equation 1.24 indicates a migration to

the sveond bubble maximum of 1,050 fcet. This implies a migration of about 525 fect up to
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The primary plumes became visible at the cdge of the spray dome about 6 seconds after
$Zi. By 7 seconds,’ a rapidly expanding mass of radial plumes was clesrly visible, wid '
at 8 sec-uils, the plumes had expanded well beyond the himits of the dome. The assemblage
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the time of the first bubble minimum, which would place the bubble center near the original
surface at'this time. Other equations predict a migration of 915 feet (Reference 9) and 916
feet Reference 18) during the first bubble pulsation. Although the latter equations were
based e HE data and ull have doubttull vahdity for a burst near the surface, the general
result thut the Wahoo bubble migrated to a position above the original surface Is supported
by the ahserce of a hubble pulse on the undarwatar pressure recovds (Refer¢nee 155,

When individual plumes were traced back in an effort to determine thehr ovig., a region
above the orlginal surface was indicated. In addition, Figures 3.14 and 3.15 show thst the
vertical and lateral compoaents of plume velucities weres almost venstont and about tie same
magnitude between about 8 and 10 seconds after SZT, The average velocity of expansion
of the plumes during this interval was ahout 160 ft/scc. At later times, the vertical rate
of rise was reduced by gravity and atmospheric drag while the lateral growth remained
almost linear, with some small retardation hy atmosphoric drag.

The Initial uniform plume growth is also shuwn by the profiles in Figure 3.16. The shape
at 8, 9, and 10 seconds indicates that a hemisphericai mound of water was probatly pushe]
above the surface by the bubble. The rapid expansion of the bubble within the mound then-
threw this water out in all “-actions with the same {nitlal velocity. Since the surface had
been roughened by the forn. n «: it o spray dome, the deceleration of the surface led to
the rapid formation of the lur ;e pliti.cs that were observed. This concept Is supported by
photographs of small-charge pi. 102na in a vacuum tank sath diring conditione sealed
approximately to shot Wahou (iteference 30). A waugh extrapolation siwe L3t W aound
of water, which developed Into the plumes, possibly had ¢+ initial diameter of about 1,000
feet.

The expansion of the bubble and outbreak of the primary plumes generated un air shucl
wave. This was detected at the EC-2 at 7.25 scconds and reached a paek value of 0.215 psi
" ot 8.27 seconds. This may be Interpreted as being a measurement of the {irst bubble pulse.
An excrapolation to surface zero indicates a first bubble period between 5 and 6 seconds.

It seema likely that considerable mixing of water and fission products took nlace at the
time of bubble collapse, because the base surge that developed from tho plumes 'was highly
contaminated (Reference 31).

The secondary plumes aro believed to have been cauged by the oscillation of the water
surface at surface zero following the collapse of the primary plumes. Aerial photographs
showed that the collapse of the secondary plume formation contributed material to the
intestor of the surge cloud {EG&G Fllm 51395).

3.6 VISIBLE BASE SURGE

As the plumes traveled cutward and downward through the air they Lircke up Into spray,
just as the stream from a firehose breaks up into small droplets if it follows a long tra~
jectory. When the plumes collapsed on the surface, the larger drops and coherent masses
of watcr »~obably dropped back into the ocean, However, the {ine drops that had been
formed In the plumes remained airborne because of their small mass and continued to flow
outward radlaily, as a vesult of the inomentum imparted by the expanding plumes. Si~n
the drops entrain air as they move outward, the suspension of drops In alr behaves similarly
to a dense homogeneous fluid. The aeroscl that spreads out from the plumes is called
a base surge.

The development of the Wahoo base suryte from the prirary plumes was a fairly contirr
ous process, hut the surge could be distinguished from tn> collapsing plutiwos by 20 secnnds
after SZT. The surge was roughly circular, but was not smooth in outline and showed
several lobes, As it spread outward along the surface the lobes separated and the surge
became increasingly irregular and tenuous in appearance. It was also noted that the surge
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was retarded when it moved over a target-vessel, which contributed to the distortion.
Although patches of the surge cloud were faintly visible from the air tor possibly Zb minutes,
1t was not possible to make reliable measurements of the surge boundaries beyond about
3.5 minutes. The appearance of the basc surge at various times is shown in Figures 3.17,
v 3.18, and 3.25. . . -
Pight and left radii of the surge.in relution lo surface zero were measured from the threo
surface camora stations. The average curves from each station are pr¢.nted *u Figure
3.19. The original measurements showed a scatter of 4 percent. Since the surge was
. distorted and was transported away from surface zero by the wind, the curves'in Figure
3.19 do not show exact dimensions beyond about 30 seconds atter SZT. However, Station
940 (Site Glenn) was almost exactly upwind and Station 941 (LCU-479) was approximately
crosswind tiom the burst. Consequently, the Statlon 941 radlus-versus-time curves in
Figure 5.19, with bearings of 78° and 258, are approximately along the upwind and dovm~
wind axes of the surge. The Station 940 curves are or the crosswind axis of the surge.
The curves shown in Figure 3.19 represent the extremities of the bace surge. ‘They ao
not necessarily indicate the correet time of surge arrival at a ship or instrument station.
This could be obta® “ by studying the photographs or by preparing detailed contour plots
of the surge as it t1. led <y vawind, The latter proved to be impossibie to obtain for this
report; however, par 12l caiaours of the base surge and foam patch were chtained from
REB-50 Film 51295 whet 22 alreraft was almost direcuy above (he hurat, Thage are shown
{n Figurcs 3.20 through 3.22 1or the pertrd from 1310 through 74 acuunz..
i In many places, the contours In Figures 3.0 through 3.22 are incomplete because of
o obscuration by the natural clouds in the arva. However, the irregular nature of the base
surge 18 cloarly shown. In particular, a pronounced retardation of the surge on 2 line
downwind of the DD-474 can be observed. As a result, two large lobes extended downwind
from surface zero on bearings of about 245° and 285*. Because these lobs blocked the
view, the 258° vutrve in Flgure 3.19 {a not accurate beyond about 30 seconds after SZT.
Lobes in the upwind divection obscured the view of the 78° axis, so that this curve also is
unrellable, . «

Measurements of the upwind, crosswind, and downwind extent of the Wahoo base surge
were nade cn the contours in Firmres 3.20 through 3.22. Sinco the surface and 1,000~foot
winds were from the east, upwind and downwind measurements were made perpsndicular
to a north-gouth line through surface zero, and croesswind mansurements were made
perpendicular to an east-west line through surfaco zevo. All measurements wore made
to tho urge extremities; therefore, the contours shuw tha maximum extent of the surge.
At 118 seconds and later, the surge extended farther to the south than to the north; thus,

) the geometrical centar lay about 200 feet south of the east-west axis between 118 and 149
seconds.

In addition, measurements of both the drift of the geometrical center of the surge and
the surge diameter perpendicular to the optic axis were made from the photographic air.
<7t until 204 seconds after SZT. Since the center of the surge was difficult to locate,
particularly at late times, the drift measurements showed considerable scatter and in
some cases, were not usable. The data from Films 51378 and 51282 appearec te be
reasonable, however, and indicated a drift to the weat of about 15 kaots between about 70
and 170 seconds, with the canter of the surge approximately 400 feet south of the east-west
axis. At later times, an apparesat drift to the southwest was shown. [lowever, this was
. probably a result of the large lobe extending wiward the southwest, as it scems lauhténl
that the surge moved bodily in that direction.

Becar'se of the limitations of Figure 3 19, o]l of the available measurements and combined
in Figure 3.23 to obtain the best poasible estimute of the downwind, upwind, and crosswind
curves for the extremities of the Wahoo base surge. The downwind curve i3 based mainly
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on the contour measurements in Figures 3.20 through 3.22. At times up to 50 seconds,

tho S:.:‘.Ecr. a4 :'Eg".t surge rading monesuremeonts are uoe

The approximately upwind curve from Station 941 is ajso shown with the limi. :d upwind

contour measurements. The latter are considered to be more reliable at late times than

the surface cumera data, becausc the surge was more clearly visible from the atr. The ¢
crosswind curve in Figure 3.23 from 20 to 105 seconds after SZT was shtalned by averaging

the left and right radii measured from the Station 940 records (Figure 3.19) anc" correcting

the data for 2 1l-knot movement away frem the cameras. Between 110 and 170 secords,

the crosswind curve {s based on cortour measurements
crosswind curve I8 an extrapolation based on a few contour crosswind measuremerits south
of the east-west axis.

From 173 to 240 seconds, the .

The average surge radius curve shown on Figure 323 {s based on alrcraft measurements

purposes, the difference
It may be noted hat the a.

wind curve, betwzen 20 and 2
the crosswind curve,

through 3.22,
2,000 and 3,000 feet on the 335°

to the outer edges of the lobes. These values represent measurements from the center of
the base surge. Alrcraft mo.'surements that were made between {obes and some that were
doubtful because of abscuratfos by clouds were not used,
and the surge were estimated by ussuming a constant drift of .5 knots toward the west. The
average alrcraft-curve Is ‘n good agreement with the crosaswind data and, for practical

cen *he average radius and crosswind extent is negligible.

‘ine leading edge moved at an almost constant speed of

21 knots between 110 scconds 1~ tho final measurement Lr, o 272 senonde.  The down=

0 seesnds, can be obtained by adding o 10-Fnas ol {0

Al later timuz, the crosswing curve leveled off, but ue rapid down-
wind motion continued, probably because of the 18~knot wind speed at altitudes above the
surface. It scems likely that the speed of drift incrcased as the surge cloud increased in
height and encountored wind speeds stronger than at the surface. The trailing upwind edge
of the surge was Aifflcult to measure. Its motion showed evidence of frictiunal retardation
by the surface.

Flgures 3.18 and 3.20 through 3.22 show the torafdal shape of the Wahoo surge. Measure~
mants of the horizontal thickness of the surge were made at some positions in Figures 3.20
The thickness proved to be highly variable. For example, it ranged between
axis and betweca 2,500 and 2,000 feet un the 285° uxis.

The distances between the alrcraft

Figure 3.24 shows the maximum height of the base surge as seen from the surface camera

measurcment difficu

statr n3. Although the surge appeared about 20 seconds after SZT, the curves start at about
40 seconds because it was not pcssible to detarmine realistic surge heights until the surge
had moved outward and could be clearly distinguished from the collapsing plumes. The

height data {rom any ono station showed gratter as great as 17 percent, due In part to

g at 1ate thnes. When the higheat part of the surge bccame Indistinat
and evaporated, the mcasurement was shifted to tho next highest lobe. The disagreement
betweea the threc curves in Figure 3.24 probably results trom the measuroment of the highest
point, as scen ficm each camera statlon, No effort was made to correct these values for
distanec from the object planes through surface zero. For example, an error as greut

as 40 percent could have occurred ai 110 seconds from this cause.

The curves indicate that the surge top rosc rapiily at first, at about an average rate of

between 1,100 and 1,400 feet.
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15 ft/sec between 45 »ad 80 seconds. Between 80 and 140 seconds, tue helght 1. ::usted
The measurements after 140 seconds are unrella®le because
of the tenuous nature of the surge at these late times. In particular, the rapid decraase in
height shown by the Station 941 curve is not believed to be reallstic.
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3.7 FCAM PATCH

After the plumes had subslded, and.as the surge cloud dissipated and drified downwind,
a clearly defined, white, roughly circular arca was observed at the location of surface zero.
This is referred to 23 the foam patch, and is shown {n Figurcs 3.18 and 3.25. It is kelieved
to result from a strong, probably vortical, circulation caused hy the gravity rise of the
bubl e. Evidently, as was also observed during Wigwam (Eeference €), x upward fiow of
water ocanrred in the vicinity of surface zero. This watar spread out radially «nd sank,
resulting in an accumulation of foam and debris at the edge of the patch, as lllastrated in
Figure 3.25. The radial structure of the Wahoo patch and the occurrence of small waves,
whirh appeared to originate at its edge, lend suppoy, ‘o this hypothesis (EG&G Film 51395
at about 140 seconds). The whitencss of the patch waa due to foam produced by the violent
agitation of the water during the explosion.

The foam putch expanded slowly and was measured for about 16 minutes, after which
tha entire outline was no longer discernible on aerial phntographs. However, the north, ..
edgo was still visible at 25 mindes, when one of the lorgest photographic records ended
(EG&G Film 51395)

Contours of the . . patch up to 4.5 minutes after SZT are Included !n Figures 3.20
through 3,22 and aro . swa {cv later times in Figure 3.26. Measurements of the diameters
were made un theve custoura along six axcs. In addition, malor diameters were measured
on the U=b4 photograph'c seccrrs. “hese measuraments are shown in ““jure 027, Hecause
of the scatter in the data, dxv at least in purs .. the fact that thy amyg  clond partially
obscured the foam patch, no attenipt was made to draw curves through the data. Howevor,
a definito drift of the foam patch in tho direction of the surface current is ovident in ths
contours presented in Figure 3.268,

A region of radlonctively contaminated water was detected on Shot Wahoo by Profect 2.3
(Reference 31). This project had five underwater gamma Intensity recordors (UW-GITR's),
four of which recorded the passage of the contaminated water. These UW-GITR's were
Twalud vt cornuive wnd itad u proby depll of dboui 8 feei. They were positioned ut distances
of from 4,100 feet to 8,000 feet {rom surface zero and recorded arrival times of {from 5 to
15 times, which wore generally consistent with the spread of the foam patch. It scems
reasonable to assume that the region of contaminated water corresponded to the foam patch;
however, the measurements are insufficient to resolve this question with certainty.

The motlon of two of the ships in the target array was measured on the contours presented
{n Figures 3.20 through 3.22. The DD-474, which was 2,915 feet from surface zeco at a
bearing ol 249 30! T prior to the shot, was found to bs 3,200 feet {roin surface zero at 110
seconds and 3,350 feet at 15) ecunds. No change In its bearing was found. The EC-2,
2,346 feet from surface zero at a bearing of 29 13' T prior to the shot, was 2,800 feet
from surface zero at 110 seconds and 3,050 feet at 151 seconds. .\ bearing of about 34* T
was measured during this time interval.
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Figure 3.1 Primary shoun wave slici., Shot Wahoo.
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FLM NO. 51394

Figure 3.4 Aerial views of slicks, spray dome, ar+ . avitation
pulse spray ring, Shot Wahoo.
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Flgure 3.8 Peak underwater shock wave pressures, Shot Wahoo.
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Chapter 4

RESULTS OF I'HOTOGRAPHY, SHOT UMBREL! A

4.1 SPREAD OF UNDERWATER SHOCK WAVES

As viewed from tho alr, the first evidence of Shet Umbrell: was an underwater flash of
tight resulting from the detonation of the device. This light persisted for somewhat less
than 10 msec; however, the exact time could not be determined, because the flash was
visible on only onc irame in each of four photographic records, all of which had a {rame
rate of 100 frames/sec or less (EG&G Films 52241, 52245, 52254, and 52253).

A few milliseconds lat ~n expanding white patch with a dark ring appeared, similar
to that vbserved on Shot Wa. 3. {nv dark ring, indicating the intersection of the primary
underwater shock wave with he wawr surface, was visihle to a radius of 2,700 fect, Its
rate of spread, as measured fre . iFree of the airnraft, together with the ca'=ated’ spread
of the slick for u depth of burat of 15 feet (Reico2ns: 9) and the times o1 ar+tvii ot e
underwater shock wave measured by Project 1.1 (Reference 19), is shown on Figure 4.1.
The agreement between the calculated spread, photographic messuréinants, and Projact
1.1 data is excellent,

The expanding whito disk followed closcly behind the slick at early times, being aboui
30 feat behind at 0.1 second. Initially, the whiteness was posaibly cauried hy cavitation
henaath the surface, but the spray dome undoubtedly developed rapldly thereafter. The
timo lug bolween the uppearance of whivsness und e rise of spruy wus possibly ws greast
as 10 msec, althougk this could not be determined accurately.

The lateral growth of the spray dome i shown as the upper curve In Flgure 4.2, As can
ts geen In Figure 4.3, the outer edge was poorly defined, with patches of spray occurring
only on wavae cresis. The density of the spray increused towurd the center, where the
dome was a continuous mass of spray, appearing as a white disk with a fairly well defined
edge. The lateral expansion of this dense central area is shown as the lower curve In
Figure 4.2. Both the central regton and the outer area stopped growing at 2boat 0.5 second;
the radil at this time were approximately 150 feet and 1,900 feet.

At approximately 0.53 second aiter SZT, a silck, followed by the {ormatic.. of spray,
wag seen to move juward toward surface zero from a radius of about 1,900 feet. At about
the same time and about the same radius, anothar slick, lighter in color than the surround-
ing water but with a dark border, muved vutwaid rapidly. A comparison ot avrival times
of thuse oiicks with the arvival times of tho cavitation pulse at the Project 1.1 underwater
preasure gages showed good agreement, as can 1w seen in Figure 4.2,

A dense ring of spray formed immediately after the appearance of these slicks ana g yw
outward briefly to 2 maximum radius of about 2,100 feet {rom surface zerc =i 2.6 serond,

It also spread inward while the primary inner dome expanded outwar 2'ang the suxface.

At about.1 second wcter SZT, these areas had merged to form a contiuuous white dime.

"The outer radius decreased to 1,900 feet at 0.7 second vnc. remained fairly static v th ¢l
of the 1-second period of measurement. These results o2 included in Figure 4.2, Mz»t of
the original spray data showed a scatter of about § percent with extreme values up to 10
percent ahout the mean. The appearance of the prima.y slick, spray dome, and cavitation
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pulse spray ring, us seen from th2 air, is shown in Figure 4.3.

In addition to the primary shock wave slick, severd! less intense slicks radiated from
surface zore 1t extromely high velocition. ‘ihesc st qupoaied beyond the piimary silck
approximately 0.58 gecond. after SZT and were probably czused by refiections of the shoch
wave {rom various strata beneath the bettom of the lagoon.

A radio fiducial marh, indicating the oxact instant of datonation, was recurded on the
1,000«frames/sec record taken from Site Glenn (EG&G Film 52208). V.xortus stely, surface
zero wes obscured from this station by the EC-2. It was, therefore, not possible to
determine from this record the time after detonation thut the first surface «ffects were
visible.

A cluster of flashtulbs was sel il un e Zero Barge at zero time, and these are
visible cn soine of the photographic records. On the “ccords taken at speeds of approxi-
mately 100 frames/sec, the flash bulbs were visible onc to two frames before the first
visible surface efiects. This would indicate an interval of about 15 mszc (15 msec)
butween the time of detonation and the first visible surface effects.

* If it i3 assumed that the burst had an effective hydrodynamic yield of 8 kt multiplied by
a factor of 1.6, b ~ase of the presence of the bottom (Reference 20), the time of arrival
of the shock wave e ..rface, as calculated according io Refevence 17, is 13.7 msec.
This calculation {s 1 .lutiv>ly insensitive to yleld for shallow bursts but gives a time that
is consistent with the ¢ "perimental resuit.

4.2 AIR SHOCK WAVE AND CONDENSATION CLOUDS

The air shock wave that appeared above surtace zcro was visible on two photographic
records taken {10 Site Glunn; a 100-frame/sec Mitchel record and the 1,000-frame/sec
Eastman high speed record (EG&G Fillms 52265 and 52258)., Suiface zero was obscured
on these recerds by the EC-2, so that only a portion of the shock wave could be seen.

This portion, on the side of the dome off the atern of the EC-2, was visible unti! approxi-
mately 70 msec after SZT. ,

A faint light ring, which indicated the Intersection of the air shotk wave with the water
curface, was visible on some of the RB-50 films (EG4G Films 52254, 52255, and 52257).
This ring appeared dark when viewed from the C-54's. It moved radially outward {rom
surface zero and was visible to a radius of about 10,000 feet. 'The radial growth of the
leading edge s shown in Figure 4.4. The measurements are consistent with the times
of arrival of the peak of the second air pressure pulse at the DD-592 and the 55-barge
(Refevence 23). These values are !ncluded in Figure 4.4, ;

A condensalion cliad appeared on the downwind side of the column at about 1.8 seconds
after SZT (Figure 4.12). Its lower edge was at a height of about 800 feet, and {t8 maxdimum
altitude was approxdmately 1,400 feet. By 4.3 seconds, the cloud had disappeared, appar~
ently enmulfed by the expanding plumes. An enlargement and whitening of a few clouds in
the sumulus cloud layer, 2,000 feet above the surface, was alsv vhserved. This effect was
fzint and could be detected on only a few records, primarily the acrial color documertaries,
A patch of cloud near surface zero was afivcted at 4.4 seconds after SZT, an* a patch at
a greater distance was affected about 8 seconds after S2Z7T. In both cases, the brightening
and enlargement persisted for about ¢ seconds, As oa Shot Wahoo, this was caused by the
passage of the rarefaction phase of an air shock wave. The phenomenon is discusscd in
greater detail in Section 6.2.
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+.3 SPRAY DOME

Following the alr shock wave, a bell-shaped dome of spray rose above the water surface.
Severat large jets, resulting from the action of the shock wave on bueys near surtace zero,
were visible at the center. These are discussed in Section 4.4. A prominsst feature was a
large black putch that appeared on the side of the dome where the Zero Biige, an LCU, had
been moorew. about 50 feet from the Zero Buoy. The blackuess was probubly cauced by
debris from the hreakup of the barge by the primary underwater shock wan . The appeurance
of the dome is shown in Figure 4.5.

Measurements of spray height versus time were meade at surface zero and at 100--foot
intervals to the right and left of surface zero on the photographic renords from the three
surface camera stations. Measurements wera made to the top of the gpray in all cases,

Ag an example, smoothed curves for positions extending to 40C fe«* 1aft of surface zero,

as seen {rom the LCU-479, are shown {n Figure 4.6. Measuremanis were made tc a radius
of 1,500 feet, but the scatter of data points muie it imposzible ! (it 2 gmooth curve io the
measurements with confidence at distances beyond 600 feat, At 2a'%,'500- foot radine, the
maximum measured helght was 10 fect. ‘

The spray height-versu  .ne rurves showed discontinuitios st early times. A particu-
larly abrupt change at 0,38 5. ¢mi i3 shewn on the 200-foot r-u'ins curve In Figure 4.6.

A sudden increase in veleelty of this nature appeared on som g+rlace gero records between
0.5 and 0.6 second, but only 8¢ .t cranges, occurring betweon #.2 and 0.% ser ~4, v re
detected at the 100-font radii, At :lisiances levoad °75 feat, b« dlscondauy 23 appeared

al lator thnes. These sudden changes indicated the appeara. s of plume cffects. At this
time, the mass motion of the water produced by the expandi® 5 Subble rapidly overtook the
shock-wave-induced spray effects, and the water rose upws '~ ‘o form a cylindrical plume.

Because of the short duration of the spray dome on Shot i, ..reliu, it wus pecessary to
use care {n the determination of initial velocities by the mst!. . given in Sectlon 3.3, In
some cases, the height-veraus-time curves were lineas v il plume effects appeared, and
the slopes ot the lines were assumed to represent imtial ') - «ities, These constant
velocities were observed on some records at the 200~ and 4 -foot radii and on all records
at the 300-foot radii. The measured values are listen !y T-ble 4.1, Means, standard devi-
atfons, and coelficients of varlation are also shown; the latler indicate an increasing scatter
with increasing distance from surface zero. Initlal vel-2iiios were not measured at radii
beyond 600 f{e~l Lecause of the scatter of the data points.

By means of £quation 1.4, it {s possible to calculaty pek underwater shouk presaures
and, heace, the yield (rom initial spray dome velocity, if ¢<he depth of burst and shock velocity
are known, For a shallow burat, suzh a8 Umbrella, il.e shock velocity {s changing rapidly
near the surface and a constant value caanot ba assigyow to it.

However, it is possible to estimate the yield from thy spray dome data by using the ratio
of peak pressure to shock velocity Po/U as a vartable. For Umbrella, Equation 1.4 reduces
to:

R. VY
U 145 cos &

Values of Po/ U were found trom the spray dome veloclty data and are shown in Table
4.1. The means are compared with theoreticu! values for ylelds of 5, 8, 10, and 16kt
in Figure 4.7. An interpolation of the individusl calculiuted values tndicates effective hviro-
dynamic ylelds of 12.8, 13.1, and 15.6 kt at surfice zere und horizontal vo4 of 100 ana
200 feet (150~-, 130~, and 250-foot slant ranges). The average of all individual yicld dewes-
minations in this region is 14.2 kt. At greate: distancee, the values are uareasonably high.
probably because of difficulties in measuring the smalles heights ana the possibic oucurrence
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of high instability (Reference 14) velocities for brief intervals. Table 4.1 includes ali of
the yicld values ohtained from initial spray dome veloeities,

The calculated vields based on this method are considerably greater than the roliochemncai
yield, because the burst oceurred on the bottom of the lagoon. It has Leen estimateu that

. the presence of the bottom would produce an effective hydrodynamic yield 1.6 times thut
ot dued [roin the same burs? in {ree water (Reference 20). l)wldiu,, thig lactor mto the
surface zero value of 12.8 kt gives a total yield of 8.0 kt, and appiying . <o the average
value ot 14.2 k¢ gives a total yield o 8.9 kt. The standard deviation is 3 kt for the indlvidual
» yield determinations at the three radii given above, so that, within the iimits of scatter,
the average total yield of 8.9 k¢ i3 in good agreement with the reported rodiochemical yield
ot ¥ kt.

it should be noted that the retlection factor of 1.6 was calculated on the basis of an
assumed erergy pariition between water and coral and 18 subject to some uncertainty. It
could vary between the extteme limits of 1.0 anc 2.0, but neither of these is likely.

No reliable data on the spray tetardation cectficiant f could be obtuined on Unbrella,
hecause the plume phenomena cnscured the later behavior of the spray. Tiie measured
values showed wi  ~ariability, Jhey averaged 390 and 340 ft/sec? at surface zero and the
100-foot radii, re  ©tiweiv, wiich is probubly only 1 rough order of magmitude. In cases
where the velocity w 3 cex.tant during the short period of measurement, no tetardation
could be determined.

A cizrve of maximura observed spray Yome hefght for radii ixvs i "0 wad £,500 feei
at about 1 second after SZT is shown In Figure 4.8. The plume undoubtedly ihereased the

‘ values nearer the center, but this effect cannot be evaluated quantitatively.

1.4 TRAJECTORIES OF OBJECTS NEAR SURFACE ZERO

Shortly after the appearance of the first visible surfuce effects, several objects, foilowed
by traila of apray, conld ha seen rising above e vents o} portion of the spray dome. Thes
objects were probably buoys, portlons of barges, and the like near surfacu zerc, which were
propeded upwurd by the underwater shock wave. The location of scme of these objucts
pricr to detonation is shown in Figure 4.9. The Zero Buoy was a modified Navy telephune
buoy about 10 feet in diameter. A Zero Barge, which consisted ¢f an LCM placed in the
well of an 1,CU, wuas moored about 50 feet from the buoy. The barge contained firing racks
and Project 1.11 electronic equipment.

Figure 4.10 shows the appearance of the objects rising above the spruy dome. It was

- = possible to measure the trajecter: 3 of three of these objects from the three surface camera
stations (Figure 4.11,. A parabolic equation of the form used in the Wul00 spray dome
analysis (Equation 3.2) was fiited to the data. The fitted curves are shown in the figure,
together with their equations. Bocause of the relatively short duration of the trajectory of
Object No. 3, no attempt was made to fit a curve to theer values. With the exception of
Npject No. 3, the lateral component ot motion was negligible.

The resolution of the photographic records was inadequate to identify the objects, and
triangulation of the trajectories from *he three camera stations was probabiy ¢ * accurate
because o measurement difficulties, However, this method provided estimates of the
locations of the objucts prior to the shot. Object Nu. 1 wus estimaied to be 18 f22t from
surface zero, at a bearing of 65°. 1Tus object had a large gray spray trail and was still
rising when the peried of measurement enaed.  Ananitial velocity of 1,320 ft, e~ -«
indicated.

Object No. 2 was approximately 37 feet trom surface zero at a bearing of 4¢°. Its mmtial
velocity was 2,260 {t/sec, and it had a high retardation factor. Therefore, ts uajectory
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leveled off during the period of measurement. Its spray traii was also gray.
Object No. 3 was 29 feet from surface zero at a bearing of 186° . It rose out of the black
oateh nroduced on the side of the spray dome by thy hreaknp of the Zaro Rarpe. This object
was followed by a narrow wlute spray trails A lateral component of velogity of 370 ft/sec
wmed e vartical component of 1 850 1t/cen ware shown Iy tha data giving :an initial velocity v
of about 1,185 {t/sec.
A theoreticad pedak pressure of 74,3vv pst at sur{ace zero {s predicted by Retevence 17
for a yield of 2.8 kt (8 kt multiplied b a factor of 1.6 because of the effect of the bettom,
as discussed in Section 4.3). This would give an initial spray dome velecity of 1,570 (t/sec .
at this point. The initial velocities of the objects measured were from 1.2 to 1.4 timnes the
expected spray dome velocity, probably as a result of a different mechanism ot initiation
of the motion.
In add!tion to those that were measured, other objects were seen to fall from the upper
olumes (EGAG Film 52249). Because of the greater fmportance of other measurements
for this report, all the trajectories were not measured, and all the photographin records
were not analyzed. Should the need for more information exist, additional data can be
obtained from the record
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4.5 PLUMES

Since the development of the piva.cs frora L. $0i °y dome on a relalives: saatlow ourst
like Shot Umbrella is a fairly continuous process, it {s difficult to distinguish the two
phenomena. However, the spray dome height-versus-time curves in Figure 4.6 show v
discontinuities, which indicate that new jets originated in the sides of the Umbrella dome
ahout 0.4 second after SZT. Close examination of the photographs shows that these jets
had atrong lateral components of motion, indicating that they were produced by the expanding
explcsion bubble. At this stage, the watar pushed out by the gases and vapors was probably 4
decelerating.

The pume contlnued to rise and expand laterally, attaining a roughly cylindrical shape,
ag shown i{n Figure 4.12. The plume was wider near the top than at the beitom, with the
narrowest portion, or neck, at an average helght of 3¢ » to 400 feet above the surtuce.

Figure 4.12 shows that the pluma conslsted of a mmass of Jets, which broke up into
spray. The jels in the upper part of the plume started out in an almost vertival direction
from positions close to the urst and had hroken up into a {ina cloudlike mist by the tims
the plume reached its maximum height. The height-versus-time data vhowed siight discon-
tinuities as rising jets overtook wnd passea fets above tiiem. Since a narrow let rose a
few hundred feet above them. Since a nurrow jet roge a few hundred feet above the top of
the bulk of the plume, the curves in Figure 4.13 are for both maximum height and average
height. The vertical growth had virtually ceused at 20 seconds after detonation, when a
height of about 4,900 fest was reached, For alrcrait safety considerations, it may be
statea u.ot the maximum plume height for Umbrella was 5,000 feet. The scatter in plume-~
height data for a camera station and the spread of the curves in Figure 4.13 about the mean
never exceed 5 percent. In some cuses, the measured average height exceeded the ¢ -
ported maximum, particularly at late times. This can probably be attributed to meagure=
ment difficulties.

. Because of the random nature of the jels, the lateral growth of the plume was not entirely
symmetrical, Plume radii relative to surface zero were measured to the outermost ! uu,

as seen from the three surface camera stations; these 2: tves are shownn Figure 4.2

The jets in the plume started to spill over ard fall between 10 and 11 seconds after the burst.
The maximum measured plume diameter, as seen fre.q the LCU-1123, was about 3,250 teet
at 22 seconds after SZT. By this time, the plume had lost its sharp outline and h-ul become
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a voughly cylindrical diffuse mass ot spray. -
At early times, the lower part of the plume resembled the coluran obscrved during HE
tests. The lower jets that formed the column followed relatively short trajectories and

Vo 04 4%, o £ st mils nd vl
1oft the suiface ab larger angles with the vertiedd thanthe jets taat reco to thatop © of'the

. plutae, Trajectc.ies of individual jets that could be followed on the recerds for several
aeponde are shown jn Fisure 4,18, Tha tap of the column could not be clearly distingulshed
from Jhe lighter material above it.

Measerements of the lateral growth of the column neck are included in Figuce 4.14. This

) region was measurad for scallng purposes because of its smooth appearance 4t early times.
However, Jets becume clearly visible in the column neck about 3,0 seconds after S47T. These
reached a maximum height about 6 seconds after SZT,

The gradual settlemeat of the plume material, which started about 20 seconds after the
shot, may be called fallout. ‘I'ue plume was divided imo three large masses of falling
material; the largest at the bottuin and the smallest at the top. Flgure 4,14 shows a rapld
decrease in dlameter batween 35 and 40 seconds when the lowast mass settled out, and
measurcments were shifted to a higher level. The pluiag, or fallcut, disnucter decreased
continuously theres fter as matsrial dropped to the surface, leaving a relatively narrow
cylindrical mist. aursmants of the motion showed that the fallout moved in the divection
of and at about the sp d of ¢°2 wind {rom 20 seconds until it was no longer visible. A full-
out contour at 146 sac.uds ia included Iy Figuse 4.1¢, Figera 4,13 ghows that the mist at
the top of the plume seitied » an average rate of about 23 ft/sec. ‘Th ,.pre mce of the
plume during its collagsing 3tage is showa it sigure 4.16.

: ‘The mist remalning from the Umbrella plume was visible for a longer time from the alr
than from thu graund. However, the reported time of dinuppearance varied with the point
of observation and the observer, In general, the mist was visible on aerial photographs
until 3 to 4 minutes after SZT and on surface camsera records only until 100 to 120 seconds
after S4T.

1t 1s intereating to note thut a atring of ball-crusher gages, which was cuspended from
a buoy about 590 feet from suvfaco zere by Project 1.1, was recovered intact after the
burst (Reference 19}, This probably indicates thet the radiua of the eavity produced in the
water by the explosion was leas than 599 feet. Measuroments show that the outside edge of
the column extended well beyond the edge of thls cavity. o

A movenent of spray into tha column was viser ved o Film 52288 about 4 seconds after
SZT. 'I'his probably {ndicated a rugpture of the column wail and a subsequent inflow of afr
because of the low pressure insido the column. The column neck radius was 565 fect at
tnis tirse,

4.6 VISIBLE BASE SURGE |

The leading cdge of the Untbrella base surge emerged from the buse of the column abeut
7.4 seccnds after S2T. This surge {ront was poseibly a spillout of material at the edg~ of
the water cavity. A sin .o phenomennn was observed during Shot Baker of Operation
Crossroads and . RE teste. In gorae 2agee, bottom material was observed.to spill out ot
the base of the columin, Az the Umbrelia surge moved radially, the collapsing volumn fed
material Into it, After the columre had subsided, the surge conlinued to spread along she
surface as 2 ring~shaped cloud. 'The surge was {rregular in outl'ne hut did not foin supuraic
iobas as rupidly as during Shot Wahied. At the end of the jongrst aveliable photopraphic
record (0ilm 52247), which was at 25 minutes thy Jmbrolla surpe was still vis.ole arem
the air ss a weil-defined toroidal cloud,

Figure 4.16 showe the coilapse of the Limbrelia plumiz and the formation of the base surge.
The surge siructure, as seen from the air when the piume was no longer visinle, is illustrated
in Tigure 417,
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Figure 4.18 Includes the measurements of right and left surge radii as scen from the
three surface camera stations. The besring of ¢ wh radius, In reference to surface zero,
is indicated on the figure. The longest and most useful record was that obtained from
Station §4¢ (Site Gienn), The right und feft radii seea {rom these Cciunvriy Ly on tiwe 727 -
to~-152  axis of the surge, which was approxdmately parallel to the reperted surface wind
Araatlon {from 880}, Tha aurga valaaity was Inftlally about 67 knots an tha 262 radlus,
which was apptrximately downwind, At 50 seconds aitor SZT, the velocity had dacreased
to 61 knots. Tha curve for the 72* radius ievels oft at about 4,200 f{cet between 90 and 100
seconds after SZT, and then indicates an apprexdmately downwind motlon, which seems to .
maintain a constant velocity of about 11 knots after 200 scconds following SZT. However,
measurements taken near the top of the surge, on the 72° bearing, showed a motion of about
20 knots at 135 seconds, which s in agreement with the reported surface wind speed.

Photographs show that the upwind trailing edge of the Umbrella base surge lagged behind
tho main body of the surge, probably because of retardation hy surtace friction. 1t also is
possible that the surge was denser near tho surface und, therefore, less subjent to the
influence of the wind, As the surge moved downwind, It appeared that spray from the sur-
face of the foam patch was atripped off by the wind. This mist wus not distinguishable from
the surge, and added to the  “fle..l*y of obtaining surge measuremants upwind after about
190 seconds, when the upwin trui'! vy edge was in tho foam patch. It pousibly moved beyond
the foam patch about 520 seceni's ofter SZT.

Figure 4.19 ahows the only bane wurge contour availahle for Shot Unth;, ;VWa, '™ | wag
vbluined at 140 seconds @fler SZT from Film 52256, The surge had a slighuy elliptical
shape at this time, and {ts irregular outline car be clearly seen. The disruptice of the .
surgy by the downwind target veszels is also evident in Migurs 4,19. Thesse cffecis illustrute
the limitations of surface photography {or ¢stablishing the trun saape and dimensions Jf the
base i e

An attempt was made to determine the drift of the Lawbrella sirge on the arrial photo-
graphic records by measuring the divtance between the centar of the Jurge and the center
of the foam patch. This proved to be oxtremsly difffcult because of the irragular shapes
of Luth phenumera, the diffuse nature of the surge at lute times, and the distortion intro-
duced {n some records by the proximity of the surge to the edge of the {rame.

An additional photogrammetric problem also existed in measuring the drift from the
1,500-foot C=54, as it was at nearly the same altitude as the top of the surge. The most
useful and reliable records appeared to be Films 52242 and 52247, from the 9,000~ and
10,000~{cet aircraft, respectively. Although the drift measurements chowed scatiai, tie
average motiun measured between 10 and 1,200 secunds was about %0 knots along the 235°
bearing {re~. surface scro, This aiffered by 5* {rom the 230° drift expected on the basis
of the reported wind direction. However, this is not unreasonable, as the surface wind
direction is reported in 10* increments ard consequently could have been anywhere between
225* and 235*. In order to obtain consistent data, all base surge measurements obtained
from ajreraft werc adjusted for a steady drift of 20 knots along the 235° bearing, starting
at 10 second? after SZT. This movement wun added to, or subtracted from, the camera
distances from surface zero as determined oa the cadar plots.

The aircraft measuvements showed varying degrees of seatter, depending on such faviucs
as the trafling mist, measurements between lobes, indefinite edges of the surge, and the like.
However, using aircraft bearings, it was possible to determine approximate curves for
the average and crosswind surge radif to 1,159 seconds atier SZT. For the first 100
seconds, the scatter was negligible. It increased to £10 percent at 400 s2~onds. The later
surge values are questifonable because of the limited duts after 500 seconds. ’

The crosswind and average surge radii are shown in Figure 4.20. In addition, the upwind
and downwind motion of the surge along the 55* -to-235° axis through surface zero is shown.
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The curves are buged on acrial measurements, the contour plot in Figure 4.19, visual
determination of the surge arrival and departure times at temperature-humidity stations,
and the surface measurements shown-in Figure 4.18. Two curves are shown for the upwind
tralling edge; onc represcnts the maln body of the surge and the other the shallow mist,

. which probably Included some spray {rom the foam patch, This mist faded after the surge
1olt the foan pateh and was tw loger visible ul 800 scconds aiter SZT, when the surge was
beyond the !sland stations. The disappearance of the trailing mist probuly he'ys to account
for the agreement betwean the avercge and crosawind radius curves at 1,200 3econds in

. Figure 4.20. At this late time, the surge was ring shaped and was moving vith the wind;
it was probably no longer subject to surface frictional effects. The crosrwind radlus-
versus-time curve shows a 3-knot rudfal growth at the end of the record, Indicating a
continued slow growth of the surge.

In general, the loading downwind edge was more clearly defined than the trailing upwind
edge. The Inner edges of the surge ring were also nct clearly defined, and the enclos.
area contained mist from {allout and probably spray from the foam paich, Flgare 4.17 shows
a greater vertical devolopment ot the surge on the dewnwind semicircle than on the upwind.
The greater wind  ~ar on the upwind half of the surge, where the suvge was moving agalnst
the wind at 2avly ti. ., ;i ably accounts for this.

What apparently w o the rrival of the base surge was detected on some of che Project
1.2 airblast gage recus’t. A short positive juise fuiwwed by u aNghtlv nep~*ive phase
was receorded at 19.0 seconus at the EC-2 A gecund gage on the o - suvuaded a negative
phase, starting at 19.0 seconds. in both cases, the trace was wavy during the negative

. phase. The data recorded at the DD-474 showed a slight wavinees of the trace beginning

at 18 seconds, with a short positive pulss at 19,2 seconds. Alfter the positive pulse, the
trace was wavy until the end of the record. No negative phase was discerniblo during this
perfod. At the 21-barge, the trace became negative and very irregular 20.8 seconds after
SZT. Theso times arc in agreement with the radius-versus~tims curveu shown in Figure
4.18.

The maximum height of the Umbrella base surge was measured from the three surface
camera etations, The data obtuined from different cameras at individual statfonc did not
show exnessive scetter; the range approached & 10 percent from the mean In extreme cases.
However, there was conslderable deviation between the original average height-versus~time
curves from different stations. The primury reason was the constantly changing distances
between the highest peaks of the surge and the camera stations, resulting from the radiat

.growth and downwind drift of the surge toward or away from a station, In addition, the point

of meaaurement shifte2 a3 one 12bu overtook another or a high lobe evaporated, Also, the
highest lobe visible frum one station might not have been seen from another. No attempt
was made to poaltively identify the high lobes on different records, to locate them precisaly
in apace, or to determine their exact holghts. The effort involved was not Lelieved lo be

Justified because of the normal variation expected in this type of data. *owever, an approxi-

=te correction was applied where possible by estimating the positions of the high lobes
and accounting for the mntion of the surge.

Figure 4.21 gshows tha resulting marvimum heighteversus<time curves for t! + "hree
surface stations. No correction has been applied for the first 50 seconds for Stations 942
(LCU-479) and 946.02 (LCU~1123), because the avorage readings from tha two stations are
believed to lle within 10 percent of the true values. Since Statfon 942 was approximately
croaawind of the burst and was the greatest distwnce away, the error dug to Surge = -tan
was minimized, and probably varfed between zer and 20 percent Guring the peried of
measurement. A constint correction factor cf 0.9 was, therefore, applied to the Station
942 surge heights between 50 and 146 seconds, after which measurements were no longer
possible, because the surge extended beyund the field of view of the cameras. Station 946.02
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was butween an upwind and crosswind position.  Between 50 and 64 seconds after SZ2T, a
correction of 0.8 was applicd to compensate for the measurement of surge heights about*
3,600 feet closer to the camera than surtace zero. At 64 'seconds, the measurements
appeat e Lo shilt to lubes perpenclculur to the.line of sight. As the surge moved downwind
and away trom the station, the measurd d helghts were low after 64 seconds. The correction .
factors indy ven 83 secunds and the «id vl the measurements at €43 scconds were based on
a wind component «f 15 knots alung the camera line of sight. After 80 seconds, “he highest
lobes were o the downwind half of the surge, und an average distance from the center of the
surgo to the lobes was added to the wind motion to obtain the corcection factor. This reached [
a maximum of 1.35 at 248 seconds. .
Station 940 (Site Glenn) was subject to the greatest measurement error because of its
N proximily to the burst For examplo, at 60 seconds after SZT, the highest part of the surge,
as geen from Igurls, was wbout 6,800 feet from the cameras, and surface zoro was 12,093
feet from the cameras. To compensato Jor the radial motion of the surge lowurd Station
940 and the simultaneous wind drift, the height measurements were reduced by a fostor of
0.1 at 15 seconds, increasing lnoarly to a 0.5 reduction at 60 soconds and remaining 0.5
until 230 seconds wfter 8¢ ° when the surge e:tended beyond the field of viow of the cameras.
Figure 4.21 is probably et ate, particularly at late times, Lut Indicates the genersnl
trend and approximate magn'.adc:  The figure shows an average rate of riso of about 32
ft/sec between 15 and 120 secu, ‘e 2Her S27, which is somawaal lers wian the ralo »f rise
of the Wahoo surge top. The bnbreila surge tora tinded to fluctuate v 2,20, 0d
2,100 feet after 120 seconds, probably averaging several hundred feet higher than the Wahoo

surge. .
. An Interesting feature was the development of relutively dcnse white cloud turrets ow e
‘ tops of the surge lobes, particularly on the downwind portions of the surge. This started
about 3 minute aftar SZT.and indicated a growth of the surge droplets, protably'resulting
from sdiabatic couling of the surge aerosol. Thw droplet growth occurved at haights above .

ahont 1 000 feat.

4.7 FOAM PATCH

Aftze the plumes hiad fallen back to the surface, and as tha surge cloud dissipated and
begea to drift downwind, a white clrcular patch could clearly he seen about surface zero.
The appearance-of the foam patch {3 shown In Figure 4.22. liz whiteness is due to pulver=
ized coral from the bottom of the lagoon and foam produced by the violent agitation of the
water. Evidently, there was an upward tlow of water in the vicinity of surface zero, similar
to tiaat observed on Wigwam und Wahoo. ‘The water spread cut radially, resulting in a
gradual enlargement of the patch and an accumulation of faam ard debris at its edge.

The foam patch was vieible and meaiureable until 26 minutes after S2T. A comparison
of Figures 4.22 wd 3.25 shows the greater persistence and density of the Umbrella patch.
Conteize traced from RB-80 Film 52256 are shown in-Figure 4.23. Diameters of six uxve,

N fative to surface zeru, were measured on these contairs and were also extrapolated from
malor diameters measured from the C-54 recordy; thuse are shown in Figure 4.24, A
: single curve was drawn up to 50¢ seconds, because the foam patch.was partially obscured -
by &e surge cloud, which resulted In a great deal of scatter In the data. At latar times,
the asymmetry became more apparent, and separate curves were drawn for each axis.

A large indentation can be scen cn the southwest sida of the foam patch in Figuves 4 22
und 4.23, An examination of aerjul records showed that *h2-DD-592 lav . e head of this
indentation, JApparently, when the pateh reached this ship, about 7 minutes after SZ¢, it
consisted only of foam and debris in a shallow layer or the surface. The DD-392 was broad-
side to surface zere and thus blocLed further expansion of this material. The supposition
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that the foam patch was primarily on-the surface at late times is further supported-hy a
dietinet motion of tha patch in the downwind direction, as can be scen In Figures 4.23 and
4.24.

A reglon of radfuactively contaminated water was detected on Shot Umbrella by Project
2.3: however, the dose rate was considerably smaller than that recorded ‘on Shot Wahoo
Returenve 31). Centuimination of the water adjacent to the taset ships was akse uve vsared
by Proj:et 2.1 Reference 32). The only successful record obtained Ly Lils prej:ct was at
the DD-593, beyond the foam patch, wiere a total dose of 0.7 r was reaorded for the first

8.5 hours after the shot, It I3 probable that the settling coral scavenged most of the radio-
uctive debris.
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Chapter §
TEMPERATURS aND [TUMIDITY MEASUREMENT

o

5.1 THEORY OF TEMPERATURE AND HUMIDITY CHANGES IN A BASE SUMGE

Whan & base surge separates from the collapsing column or plumes formed by an under~
water sxplosion, the raixtuie of closely spaced waterdrpa and entrained air hshaves like
& homogeneous fluid floving outward, because its bulk dznaity {s greater than the density
of the amblent air. The drop size spectrum in the base surge has not been ustablished, but
an upper limit of 0.1 cm in diamster with possibly 50 porcent of the drops smaller than
0.01 cm in dlameter sesn °‘‘ Le o reasonable rough estimate of the distribution at early
times for 2 shallow burst (. =«r~*cr 2), An tha surgo progresses outward, the processes
of mixing, evaporation, and :0adcusation changy the drop size distribution and also the
temperaturs In the surge, siuce ow:zicration I3 a cooling proiess, and condanration has o
warming effect. The relative humimty of the c=t=ainad air is also affusic.l,

The measurement of temperature and humidity changs inzide the Rardtack base surgcs
was planned for the purpose of gaining some insight into these processes for shallow and N
deep nuclear bursts.

§.1.1 Evaporation of Drops of Pure Watsr. The rate of evaporation of a single stationary
drcp under steady state conditions {8 given by the following equstion (Ref{ersncs 33): .

%?— = 22 Kd (og = py) 5.1

Wheret d-a%- = rate at which mass (vapor) flows acruss the boundary of the drop, gm/sec

K = diffusivity of water vapor in air, cm?/sec

d = diameter of drop, centimeters
pq = water vapor density at ‘hu surface of the drop, gm/cm® -
Ppa = water vapor density in the amblent air, gm/cm’

The total timae requived for the complete evaporaticn of & drop is

_pde! R
t = T (Pd'Pa) (5.2)

Whers: t = time for complete evaporstion, seconds
p = density of liquld watsr {n the drop, gm/cm’
dy = initial diamater of drop, centimeters

Equation 5.2 indicates that the time required for drop evaporation Is y.rsportional o the
aquare of the initial diameter and, consequently, tc the initial surface area of the drop. ¢
The tinw for evaporation will be slightly lass at high afr temperatures than at low tumperatures
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because of the variation in the diffusivity K. This purameter increases slowly with increas-
Ing ten:perature in the atmospheric range, baving, for example, values of 0,257 cm¥/sec at
. 68 F and 0,273 em¥/sec at 85° F.

Equizlon 5.2 also showa that the evapcration time is {nvarssly proportional tu the differ-
ence between the vapor density at the drop surface and the vapor density in the amblent air.
At the drop surface, the air is asaumed to be saturated with vapor at the temperature of the
drop. upd exceeds pa, evaporationocours; if pq is less than pa, wate: vapor ccucenscs
on the dvop.

' Although Equation 5.2 is correct for a steady-state condition (constant pq and py), this
* seldom occurs in a base surge, and the variations in pq and ps and drop sud alr temper-
atures can be quits complex.
in the ambient atmosphere, relative bumidity may be defined as:

\
R.H. = 100( 20 .3}
T (Pu ) ®

. Where: R.H, = relative bumidity, percent
Pag = ‘"t vapor denaity at saturation, gm/om’

The saturation water -upur «onslty p,, {8 measured in reference to a plane surface of pure
water. It is a functivi nf teraperature only. 1{ a pliw wurfsne of pure water {s a* ths same
tomperubire us the »i: awoy il amd the alv s st a relative humidity u, .50  ceent,

Py ™ Page And 4 stato of eyatlibrium excats, uf the relative bimidit, v less than 100 paccent,
Py < Pas, 3nd evaporstion occurs,

g " The behavior of ~cops of water is more difficult to treat than the behavior of & large
volume of water with a lavel surface. Two effects that occur with small droplets are an
increars in equilibrium vapor pressure because of surface tension and a decrease in
equilibrium vapor pressure if the droplets carry an electrical charge. However, both of

’ those effocts are negligihle for drops greater than about 2 x 10”‘cm in diameter (Refer-
ence 34). Dropas amaller than this size wiil not be considered in the following discussion,
since it is believed that only a vary small fraction of the drops in the surge fall ir this
size rangs.

§.1.2 Effoct of Salinity. The salinity of ser waiar reduces the vapor density at the sur-
faca to a value about 98 peroent of the valus of py at the surface of pure water (Raference
35)., Consequently, the surface of the ocean is {n equihitrium with the air if the relative
humidity {& 9% percent, providing the water and alr are at ‘he sume temperature.

1f the relstive humidity s less than 98 percent, & drop of ~es water at air temperature
will start to evaporate. As the drop shrinka, the canoentration ~f dissolved sea salls
increrses, resulting in & gradual lowering of p4. A saturated solution of sea salt is in
equilibrium with its surroundings at a relative bumidity of about 79 percent (Reference 38).

. At this stage the salinity is ahout 155 parts per thousand (Refereunce 37). Comvequently, a
drop of sea waier will avaporate until it bacomes x saturated aolution if the ambient relative
. bumidity i{s 79 percent or less. If the rulstive humidity is 33 percent or less, evaporation
will continue until dry salt particles remain (Reference 36). Tha pcroentage cnangs in the
» initlal diametor of & drop of ssa watsr as 2 function of relative humidity is shown in Figure
5.1. The relative humidity at (e four underwater nuclear tests i3 also indicated.

5.1.3 Elfact of Temperature. The process of hoat exchange is important ts, the enuiw
. evaporatiou {or condensstion) process and cranct ve neglacted. (nitially, a wiar drop
produced by an underwater explosion may be wartner or cooler than the air or it may be
the same temperatura. If the explosion heats we water surroundirg it, heated water may
enter the hara surge.
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If a drep i warmer than the air, pg > p,, and evaporation will tahs place. A fraction
ot the heat in the drop is conducted to the air and the remainder fs used for evuporatiun,

*If the relative humidity ic below the saturation value, evaporation will continue, with heat
provided by the drop, untii the drop cocls to the temperature of the afr. At later times,

the heat for evaporzsiion will be provided by conduction from the air. The drop then cools

to approx’ nately the amblent wet-bulb tempersture Ty. In an infinite atmogphare, a steas;
state Is reachod aud the drop remains at approximately T,, while it evaporale», providing
pq at the drop temperature exceeds p,. For a drop of pure water, evapuraticis shoald be
complete. With sea water, the percemage of evaporation of a drcg {5 shown by Flgure S.1.
At equilibrium, the drop temperature returns to the ambient valus.

It is also possible that an explosion in ccld water will produce drops that are colder than
the air. In this case, evaporation will occur if the relative L umidity is low oy » p,,‘)
However, high relative humiditicc are more common over a water surface and ifpg < Pa
the surge drops will grow instead of evaporating. This wouid have a warming effect.

5.1.4 Applicabllity to Base Surge. For conveniene, the changes which ocenr in the
base furge oy ba dividi  ° to three stuges, as discusvsed in Section 1.4.4. During Stage 1,
the surge is wssumed Lo be  deace, highly concentrated aerosol that does not mix wita the
ambient air. During Stage  nmuang occurs, and the sudge {s gradually 2iiuted, During
Stage 3, the surge drops are w Juiv separated and behava as though thay wa* 1 2t infinite
atmosphere,

For a small HE test in fresh water, Stages 1 and 2 are very brief, and, if the Initial
drop temperature {8 noar the ambient wet-bulb temperature, Fquatlun 5.2 provides a good
order-of-magnitude cstimate for the duration of the base surge.

For a large explosion In fresh water, the alr between the drops during Stage 1 should
cool to the wet-bulb temperature, In this case, the air becomes saturated, and evaporation
ceases. Howaver, during Stage 2, the relative humidity in the surge is reduced by mixing
with drier air, and evaporation continues at a rate depending un the rate of mixing. During
Stage 3, the drops avaporate completely.

When an explosion occurs in the ocean, similar results occur except that the drope of
sea water du not cumpletely disappear. They may remain as a concentrated solutfon of
salts or dry sait particles, depending upon the relative humidity.

. The situation was more complicated during Shot Buker of Operation Crossroads when
new cloud development occurred at the top of the base surge during Stuys 2. This woz «
result of the lifiing of the humid unstable ambfent air by the surge. Suhsequently, a rainout
occurred,. possibly originating in the ncw upper clouds. This rainfall probably scavenged
the base surge droplets and deposited the surge material on thy surface of the lagocn or on
target vessels.

5.2 INSTRUMENTATION

Temperature~humidity recording stations were established at various distances from
surface zero oa Shots Wahoo and Umbrella. The major component at each station Waw «
Foxboro resistance dynalog tempera ure recorder, which was modified at NOL to record
both dry- axud wet-bulb tempet atures. Relative humidity was calculated from the two
temperaturas (Reference 38).

5.2.1 Recording Instrument. A Foxboro resistance ¢:nalog recorder measures .0 .er-
ature variations by means of the change in elactrical resistance of a sensinz elemen:, turough
a modified Wheatstone bridge 'The output of the cire. it is recorded by inechanical linkage
on a synchronous motor-driven chart directly as temperature in degre2s Fahrenhest. The
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recorders used have three ranges: 20° to 700, 40° to 90, and 50° to 100°F. 7%he racge
depends on the valnex of resistors insciied In the circuitry (Figure 5.2, Item 5). For
Operation Hardtack, the 50° to 100* F range was used because of climatological conditions
at EP 3.

The Foxboro recorders were checked for linearity by the use of precision resistors.
An : tempt was madc to hold errors in linearity to 1 0,1°F, but small accumulative tolerances
in the pen liukage and chart positioning from chart to chart may have incicased the error
to #0.3* F. This gave a systcmatic discrepancy between the actual temperature and that
recorded but did not affect indicated temperature changes once the recorder was i opera-
tion. Temperature changen as small as 0,1° F could ba scen on the recorcs. It Is belicved
these are real. Test readings of temperature on the same record by several porsons agreed
to £0.1°F.

5.2,2_Power Supply. The power supply employed li the [{eld was a combination of ¢
6-volt, 90 amperc-hour batteries, wired in series, and an American Teiuvvision and Radio
Co. {ATR) 12U/RSF inverter. The i{nverter changed the 12-volt d¢ battery power to 110
volta, €0 cps, and ' 2 rated output of 100 to 125 watts at the 110-volt level,

The frequency ane 23 output of each ATR Inverter wore checked under the varying
conditlons expected in the fivid, Tulputl voltages remained well within the cperational
limits for* the Foxhoro tv c.d2r (£10 percent), Frequency varied aboet 3 pe- eat under
all test conditions, but for aech indlvidus! fevertegr unit the reprocu onilivy wits 10.5 paicont,
The reproducibility of the frequency output of each invertsr was imporlunt, because the
chart speed varied with this parameter. Provisions were made to record the minus 1-
minute ind the minus 1-socond radio timing oignals on the edgo of sach cnwrt. From these
radio signals it was possible to determine chart speed near zero time and also zero time
itself with a high degree of accuracy. Chart speeds determined from these radio timing
signals and those determined with a stable source In the laboratocy are given in Table 5.1.

5.2.3 Mounting and Shielding of Temperature Elements. Tho Stikon s>nsing clement
(BN-2 thermoineter manufactured by Arthur C, Ruge Assoc.ates, Ine., Hudsoq, N.H.) was
a grid cf fine nickel wire (0.0008-inch diameter) bonded invu a paper-thin Bakelite wafer.
The dimensions of the wafer were 1.5 by 0.5 by 0.005 inches. This clomem was
bonded, In accordance with instructions of the element manufacturer, onto a strip of metal
0.013 inch thick. The metal backing strip was used to attach the element to a holder.

Two types of holder were used to position the elements; these arc shown as Item 7 in
Figure 5.2. A plastic huldur was usud for the dry element to provide as {ast a response
time as possible. Sipce the response of the wet elament {y inherently faster, the stronger,
more simply constzucted metal holder was used. After the elements were bonded to the
backing strips and mounted on the holders, they were waterproofed with a very thin coating
of Araldite (manu{actured by Ciba Company, Inc., New York, N.Y.). 7The required number
2 <hese unaits plus an equal am»unt of spares were prapared and tested in the laboratory.
The units were designed 80 thut they could be easily changad in the finld.

Two of these sensing elzinents, ons dry-bulb and one wet-bulb, were coinec’s. to each
recorder alternatsly through a cam-operated microswitch (Figure 5.2, Item 5). The cam
was cut 80 that the dry-pulb recorded for a period about three times as long as the wet-bulb
(approximately 6 seconds and 2 seconcs). The wet-bulb element was covered with a wicking
that extendad into a reservoir of distilled water. The capacity of the redervoir aonw"it~4
unatterded operation for a perfod of several days.

The mounted ¢lements were posiiioned in scpacate compartments in specially designed
shields (Figure 5.2). These shields were desigad to give the sensitive elements maximum
protection from solas radiation and precipitation or fallout. An electrically driven fan.
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which furnished an ajrflow of ubout 11 fi/sec, was installcd helow the elements in each unit
to insure sufficicnt ventilation of the elements.

The shielding of the clements aganst solar radiation and precipitution wus cieched (o
effectiveness by compuring recorded data with data obtained from standard temperature-
humidity measuring instruments {n standard Weather Bureau instrument shelters during .
various cli=wtic conditions. The system was also given In preliminury ficld test in the
Project 3.1 triols off the coast of California during January 1958, Tests were £l mart,
on the instrumeniation during dry runs and trial operations of the washdown systems. It
v.as found that the recorded temperature and humidity were not alfected by the washdown
sysiems or by other equipment opervating in the vicinity of the senaing elements.

5.2.4 Assembly of Recording System. The recording systen (Foxboro recorder, )
batterics, inverter, and ciccuit panel) and associated components for each station were
enclused [n a waterproofed sheet metal box measuring 14 by 18 by 34 inches. The
Inverter required mountirg on Lord shock mounts to minimize oscillutions thut might tend
to influence its vibralur. Thu recorder, Latteries, and circult punel wers attached rigidly
to the gides and bottom of - box. Eight points werc provided on the sheet metal box to
attach the shock cord which,  pp~+.clthe unit. The recorder In siiock mounts {8 shown in
Figure 5.4, A block dlagram ot the circuitry is shown lu Figure 5.5.

Each unit was checked and . "itrrted separately, then ali wemy tor a stiation wore
assembled and calibrated as u gystown, In the ~~thration of the vompicwn Lite =, o
sensing elements were attached to the aame cables that were to be used in the fleld and
were immersed in agitated water at room temperature. Since the resfstance of each
element varled slightly, the recorder was adjusted so that the reading of the dry-bulb
temperature agreed with a precision mercury-in-glass thermomater. At the same time,
the value recorded by the wet-bulb was noted, The difference butweun the two readings,
usually 2 percent or less, was applied as a correction to cach of the wet-bulb temperatures.
1 1t was necessary to replace a unit of the syatem in the ficld, the entire systemn was
recalibrated.

J o T Ny T T P TILY

5.2.5 Syatem leapcnse, \When a temperature-indicating device of any kind, it an initial
temperature T, i placed in a medium with a temperature Ty- . it doea not immediately
assume the temperature of the medlum but approaches it asynptotically at a rate depending
on the properties of the devica and the medium, The change in the Indication of the device

. " withtime is given by Reference 39:

dar
dt
Where: T = the instantanecus temperature indicated by tha device, *F

1
® "‘i‘ (T-Tm) (5'4)

¢+ = time, seconds

A\ = lag coefficient of the device, seronda
Assuming that Ty, i3 conetant, Equation 5.4 can be integrated to yield:

-t
T =T, = (T =Ty ¢ V> (5.5)

Where: e = hase of natural logarithms, 2.718,

SP  TREY B T APHN KUENT YR
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It = \ in Equation 5.5, then

L W .
L=ty = 3 (Lo = t'm) : , 5.6)

which indicates that A is the number of seconds requived for the Cifference between the
In"cated temperature and tamperature of the medium to be reduced to 1/e, or 37 percent
of its injtix! value.

Andther term frequently used In temperature measurements Is the “time constant”,
which is the period of time, in scconds, required for a device to reach a given percentage
of the total temperature change. As defined here, the lag coefficfent A i equal vo the 63-
percent time constaent and 2.3 {8 equal to the 80-percent time constant.

it « temperature change from To to Ty occurs as ¢ step function and A Is known, T,
can be calculated from the temperature-versus-time curve on a recorder. It is ulsu
possible to integrate Equation 5.4 and calculate the actual teiperature {from the recor”
values, if Ty, Is a linear or periodic function of time.

‘The Foxboro recorders arc capable of full-scale response In 1 second. However, the
responsc of the r¢ ~~tng instrument is limited by the response of the sensing elements,
which, inturn, ia. <nfueni on a number of factors, such as the raethod of mouating, the
thicknuss cf the wate proci voating, the shielding of the elements, and the velocity of the
air.

The responsy Ume of i Hardluck I=trumuntiilon was doigenessd ! w0 arise and o
decrease in temperature. Several temperature differences were used. Two enclotures
with different temperatures were employed. The assembled element and shieldlag were
placed in one of the enclosures and allowed to stabilize at that temperature. Then, when
the recorder indicated that the vlements and shielding were i1 equilibrium, they were
trunsforred quickly to the second enclosure, The time required for the sensing element
and shielding to utabilize at the temperature of th: second enclosure was obtained from the
ti:ned chart of the recorder being tested, The 63-percent and 90-percent time constants
obtained for the recorders and the elements In various mountings and conditions are lsted
in Table 5.2. Figure 5.6 shows the respouse curves for the dry and wet bulbs and the
recorder as used during Operation Hardtack.

§.3 FIELD OPERATIONS

The recorders were located singly to produce as much data as possible. For each shot,
om recorder was placed as near t) the burat as posdible in the upwind directiun from sur-
face zero and av a locution expected to be outside of the base surge. This was to be used as
a control to measure ambient conditions for the duration of the recording. The remaining
recorders were placed in the expected downwind direction {rom surface zero.

On floating atations the recorders were shock mounted on or below decks (Figures 5.4
and 5.7) with the shielded sensing elements mountsd on masts above the washdown spray
(Figures 3.8 and 5.9). Recorders for the island stations were placed on the ground and were
sandbagged against possible wave action. (he shielded sensing elements wer~ :-ounted on
imasts about 26 feet ahove the ground level. Tt= island stations were chusen so that they
would ba several feet ubove the high-tide level and clear of obstructfons in the direciion of
surface zero. . -

The three target destroyers, which were to be 1sed on both shots, were fnatrumented hy
Project 1.3 personnetf during January 1958 at the Long Beach Naval Shipyard, f4ng Beach,
California. The remaining installations were completed 4t EPG. Prlor to installation 4t
the station locations, each instrument, with the exception of those on the target destroyers,
was completely assembled and calibrated at Site Elmer. Units aboard the target destroyers
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. were serviced and callbrated in thelr meuntod positicn In time to participate in the varicus
required trials and power runs. The systems werc given final tests and sealed for Shot Wahoo
on-the last 2 days before the test. Powes was turned on at all stations by the .inus 20 minute
radio signal. The locations of the temperature~humidity stations for Shot V/ahoo are shown in
Figure 5.10. .
After Shot Wahoo, a3 soon as the Instrument stations were declared radiologically safe, the
paper-roll caarts were removed {rom the recorders, and the recorders that were to Le trans-
ferred for Shot Lmbrella were moved to Site Elmer for checking and calibration. The recoiners
. were then taken to the varlous stations. The recorders aboard the destroyers were left in po-
sition. These were also checked and calibrated prior to Shot Umbrella, All slements, rnlelds, -
and cables used on Shot Wahoo were discarded because of contaminaticn and were repl.ced for
Shot Umbrella. )
On the final two days before Shot Umbrella, the reccrding systcms were given final tests
and were sealed, After Shot Umbrella, as soon as the stations were declared radiolog!cally
safe, the charts were removed {rom the recorders. AJl installations were then disassembled
and the cquipment was transferred to Site Eimer and prepared for shipment to NOL.
Figure 5.11 shows the lncations of the temperafurc-humidity stations for Shot Umbivlla,
The exact positions of all st “nns {or Shots Wahoo and Umbrella are listed in Table 5.3,
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TABLE 5.1 CHART SPEEDS OF YOXBORO RECORDERS
. Caltbr ued Chart Specd
";::':‘:‘ m Shot Station Chart from Radlo
. ) £ . Speed Timing .
in/min In/min
4 Umbrella YFNB-12 5.97 $.94
L H Umbrella Site Henvy 6.0} -—
h Umbrella $5-Barge 6,02 6.03
1 Umbrella Slte Irwin 6.02 6,00
Radio Trial Slto lrwin 6.02¢ 6one
9 Wahoo YC-9 5.92¢ 5.96¢
Umbrella Site Kelth $.92 5.95
10 Radio Trial 9. James - 6.04
Unbrella .Site James — 6.01
Radio Trial Sito James §.98¢ §,97¢
L] Umbrells DD-474 $.99 $.98
Rudio Trial DD-474 6.0 8,99 ¢
§92 Radlo Trial DD-592 5.93¢ 5.98¢
5§93 Wahoo DD-593 608" 6.04°¢
Umbrella DD-591 G.04 6.03
¢ Chart speeds caloulated 30 minulus «fter the instrument’s starting time, ~
All other chart speeds were ce'culated 45 minutes after the Instrument’s
start!ng Ume. ., .
L]
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TABLE 5.2 EFFECT OF.VARXQL'S CUNDITIONS ON THE RESPONSE
TIME OF FOXBORO RECORDER AND ELEMENTS
Time Constant: 3 pct 90 pet
sce anc
Effect of airflow on response time (elemant uns >
tod, ted, and upshielded):
Sull air 4.0 9.2
. Alrflow cf § ft/sec 3.1 1
Alrtlow of 10 {t/sec 1.7 4.0
Effect of coating and mounting on response time*
{eloment mounted and constant afrfluw of 10 to
13 ft/sec):
Elemant uncoated, mounted . .
in‘plastic holder 9 38
Elcraent coated, mounted in
plastic holuar 19 43
'!2ment coated, mounted In
metal holder 27 90 10 94
Effect ~f 3vidor " dystom used in the {isld .
(element coaled, mounted, ana sis 2w}
Eloment mounted in plastic holdor 14 4i
Element mounted in metal holdar 39 95

TABLE 5.3 TEMPERATURE-HUMIDITY RECORDING STATIONS

— Heightsof

Distance from Bearing {rom

Station Flements
— Surface Zero Surface Zero Above Water
feet feet
Shot Wahoo:
YC-1 341 i} A 0 218
DD-174 2,900 245° 04¢ ue
YC-5 1,397 251 o 228
DD-59%2 4.900 250° 45¢ 62
YC-¢ 6,250 248° 52! 23
YC? 7 RiS 247 ap 22.%
bD-593 8,900 245° 86! 62
YC-9 9 883 R 248° 52 24
Shot Umbrella: :
YFNB-12 2,350 68° 05! 49
DD-474 1,900 245° 41 62
DD-§92 <.000 248° 27t 62
§5-Barce 5,624 251* 197 28.5
DD-593 7,900 249+ 120 62
Site Henry 10,350 200 20
Site Irwin 11,700 aste Y
Site James 14,200 252° <
Site Keith 18,780 265° 22
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. COVER FOR SWITCHING MECHANISM AND RESISTOR BOARD
2. FAN AND BASE OF SHIELD
3. RESERVOIR AND MAIN SECTIGN OF SHIELD
v 4. TOP OF SHIELD
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it was learncd that these signals had been transmitted, it was too late to reactivate ai’ ot
the recordérs. Efforts were made on D-day to put a iimited nuiaber of tiwwsc stations in
operating conditio v, with priority given to the three DD's, the upwind YC-1, and the extreme
downwind YC-9. rer~rrers on the DD-592 and ND=¢74 did not operate during the shot
because of a failure 1 the rudlo timing signals at- these stations, and it is belfeved that.
the vecorder on thy ., C-1 falled because of weuk basnvios  However, wot- and dry=bulb
temperatures were abtuined on the DD-593 and the YC-9 (Table ¢ 13,

Since the baso surge wus toroldal in shuwc on both shots, 1 stazces downwind from sur-

" face zero could fndicate two surge arrivals and two departurcs. These are called the

. arrival of the leading edge, the departure of the downwind {nner edge, the arrival of the
upwind Inner cdge, and the departure of the trafling edge. Also, the arrival and departure
of fallout could occur at a downwind station botween the timos of passage of the inaer cdges
of tho surge.

. Times of arrival of tho leading edge of the base surge at the instrument statlons were
determined visually on both shots by one of the Project 1.3 personnel In a photographic
alreraft. These times were checked by examining the acrial sdiotographs. In addition,
timos of arvival and departure of distinct portions of the surge and fallout could be estimated
by photographic means and {rom the contour plots of Chapter 3. Thesc timos are indicated,
whare possible, on the figures in this chapter.

Figure 6.1 shows the wet- and dry~bulb temperaturcs and relative humidity recorded at
the DD-593 for Shot Wahoo for the period from 1 minute prior to shot time to 23 minutes

' after, The roadings have been corvected for tho variations fn time due to frequency

fluctuations fn thu power sapply. No correction for response of the system was attempted
on this record because of the very large number of minute ductuations in the dry-bulb
tempurature. It Is believed that these fluctuations were duc to hot gases from the ship’s
stack, which mixed with the turbulent uir and passed over the elements. The sensing
elements werc mounted 14 fect above and 18 fect downwind of the stack. Photographe of
tre DD-592 taken from the DD-728 showed large amounts of dark smoke rising from the
stack immediately aftor the burst and drifting In the general direction of the sensing elements
at that station, lending support to the belicf that this alss occurred on the DD-5¢5.

v Visually, the surge was estimated to arrive 2t the DD-893 at 140 seconds after SZT.
Estimutes based on the phutog: aphs vanged from 130 to 169 secconds. The dry-bulb temper-
ature curve indicated a rise of 2.8° F at 130 reconds after the burst and fluctuated sharply
between exaremes of about 83.0° and 87.0° F unti) approximately 190 seconds, when the

. oscillations became smaller {n amplitude, al upioximately preshot levels. At 3.7 minutes
after the burst, the temperature rose rapidly and then oscillated between extremes of 87.8¢
and 95.7° F until about 12 minutes, when it drogped below 88.0° F, reaching a minimmum of

Chpter 6
RESULTS OF TEMPERATURE AND HUMIDITY MEASUREMENTS
L ]
6.1 SHOT WAHOO
For Shot Wahoo, the recordurs throughout the array were teiggered prematurely when
Improper radlo timing signals were transmitted on the day before the shivt, By the lime
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] 86.3° F at 12.8 minutes. It then rose sharply again and exceeded the rarge of the instry
ment. It declined rapidly after 16.8 minutes and begun to level off at 20 minutes, slowly
returning to ambient values thercafter. .
' The temperature rise that occurred when the base surge arrived possibly indicat~d that
the leading edge of the surge was warmer than the ambient air. This temperature change .
was on the order of magnitude that could be expected [rom the heating of tle wator by the
' nuclear explosion. The exact amount of heating cannot be deterinired, becuisge die orgygin
of the water in the base surge is not known, Howsvar,.the source was probablv a layjer
between the surface and the depth of burst, which included surface water at an initial »
temperature of 82,0° F and the colder water beneath it.
As sliown in Figure 6.1, the instruments werc in clear spaces between the surge lobes
between 152 and 159 seconds and between 215 and 247 seconde. The temperature dropped
shightly during these intervals. The time of depurture uf the downwind fnner edge could
. not be determined because of the ragged nature of the surge. In general, because of the
probable influence of turbulent mixing with the hot stack gases on the surge temmvature,
the dry-bulb record 2t the DD-593 cannot be considered to ho quantitatively useful.
The high temperaturc:  ween 8.7 and 12 ménutes can probably be attributed to a general
downward motion, or subsi yy sme’low, This settlement was probably Inftiated by the
fatling primary anil secenda, v olumes, and may have contimied afier the water in the plumes

| had fallen ot or had evaporctea, “ha record provides evidence that the 4t ™ jast  were’
normally above the temperature cizments, but we, wavried down by tae .« soul,
) "Uhe highertemperatures recorded bulweur 7.8 awl 18 minutes caa bo attributed to the
passage of the upwind portion of the hase surge. Although it was poorly defined and barely ’

visihle from the air at these times, a greater settlement or {atlout rate was indicated for

the upwind surge cloud at late times than for the plumes. An oxtrapolation of the curva for

the base surge upwind trailing cdge {n Figure 3,23 to tho distance of the DD-593 gives a

departure time of 16 minutes. which is consistent with the rapid decline in tomperature o
starting at 16.8 minutes.

The wet-bulb temperature recerd was smoother because of the slower response time of
the mounted element, which tended o climinate the high-(requency {luctuat{ons. However,
the curve was similar in shape to the dry~bulb curve, indicating a rise te 77.7° F at surge
arvival and showing large riscs due to the fallout from the plumes and upwind base surge.
These rises are not quantitatively useful for intorpreting explosion effects Lecause of the
unknown influence of tho stack gases. The relative humidity curve is also of very limite!
valuo bacause of *his factor, :

i Wat~ and dry-bulb temperatura and relative hualdity records obtained at the YC-9 are
presented in Figure 6.2. ‘I'he racords have been corrected for time variations due to
fluctuaticas in the power supply {requency. The temperature risc to 81.2° F, starting at
160 scconds, was vonsistent with the earliest estimated surge arrival time of 161 seconda.
This amall risc {0.3* F) provides further avidence that the lcading edge of the surge was
heated by the exnlosion, since the YG-9 was a harge “vith no stacks. The temperature then
fell to a minimum of 79.7* £ at 216 seconds after the burst, and shuwed only gradual
changes thereafter, mostly betwaen lovels ot 80° F and 81° F, The gradual decline .a
temperature, which started at 11 minutes and veached a minimum of 80.0° ' at 13.1
minutes, was probably caused by the ~estiges of faltout and the upwind portion of the base
surge. Tne cooling effect was produced by the evaporation of the surge droplots. The
return to the ambient velue at 15.8 minutes probably iadicates the deparivre of the s* vg.
trailing edge. Considering the diffuse, irrcgular ratei. of this boundary, particulucl;: at
late times, this result is reasonably consistent with the time of 17 minutes ottained by
an extrapolation of the upwind trailing edge of the sus Je to a radius of 9,883 {eet on the
downwind ax s.

146
CONFIDENTIAL

T D i o B Hoad ST oo A inrrie ittt N R =
z e R e e e e L -




* wet=bulb lemperature rose at the YC-9 when the surge arrived; again, tus was
probal,, “wo to the early hentlng of the walue that enlered the surge. Its peak vaiue of
75.7°F was 1.6° above the ambient tevel.  The only significant drop in wet-hulh temper-
ature before the final departure of the surge occurred between 4 and 5 minutes after the
burst, when 2 minimum of 74.i* F was veached. This interval of low levels is consistent

with the two periods shown on Figure 6.2, when the YC-9 was in clear spaces hotwean ,

surge lobee; 230 to 270 seconds and 278 to 302 scconds after SZT.

The curves in Figures 6.2 and 6.2 were not corrected for the response time of the
sensing cloments and shielding, since an approach to a stcp change probably occurred only
at the arrival time of the leading cdge of the base surge. Correciions fo” response were
mxie at this time * . prepare a corrected relative humldity curve for the YC-8, which is
shown in Figure / .3. The complete DD-593 curve {8 rlso included in this figurc, though
no response cor .cctions have been mada because the humidity values are not reliable. The
maximum relative humidity indlcated at the YC-9 was 85 percent, occurring 12 secone
after surge arcival. Tho relative humidity remained above the amhinnt level untii after
the surge had departed. .

Within the rany ~(ecrror in the time determinations, the fh st changes at the Wahoo
temperrimee=huntic  insounaents coincided wath the arrval ot the visible base surge.

Tho loading edge of t . sutye was warmer ihan the surrounding air, but the exact amount
of heating 18 not knowi ¢ 2+atqe of the paucity of data und the uncertaity of * »udings at
the LD-593, The evupuration of thi dremints In the surge grudnany vivwateu « cooling
citect and led t a lowering of temperature below ambient and a ralsing of relutive humidity,
tut the linited measuremonts make it impossible to study these effects in detail on Shot
Wahoo. Ingenoral, the extrapolatcd motion of tho trafling upwind cdge of the surge shovm

" jn Figure 3,23 seems to Lo verified.

6.2 SHOT UMBRELLA .

For Shul Umbn elta, all recorders wero activated at the propur time, and timing slgnnls'
were recelved at all stations. Complete records were obtained {rom six of the nine tempor-
atura-humicity recorders, and a partial record was obtained from the vecorder located on
the DD-474, where cables holding tho sonsing clement shelter on the mast wore cut by
{lying debris about 37 seconds after zero timo. The instrumaents failed to record data at
Sito Henry and on the DD-592, Lenanra tha charts jammed on the diive speockets prior to
shot time. This was caused by a combination of a malfunction of the chart takcup meche
anism und the otfccts of the weather cn the rolled paper charts.

Figures 6.4 through 6,20 are curves showing wet- and dry-bulh temperatures and rel-
ative humidity as functions of time for each station. The significant results are summar-
ized in Table 6.2. At the surge arrival time, a rise In temperature was recorded by the
wet bulb at all stations. At close-in statfons, the dry bulh recorded 2 11se in temperature
followed by a decline; at more distant stations, only a sharp decline was recorded.

In Figure 6.4, which i8 a plot u{ thu duta from tiic recorder on the YFNB-12, the only
upwind station, the timo of surge arrivel {adicawed by photography was about 29 s 2cond.
after SZT. Both the dry=- and wet-bulb tenpsratures started to rise at this time. The

dry-bulb temperature rose to 84.1° F, then fell below ambient, starting its decline about
40 seconds after the burst. The wet~Lulb temperature rose and fell more slowly. having
a peak value of 80.4° F at 53 scconds aftor SZT. The {llustration indicudes g lomsr 4 ¢ hath
than wet-bulb temperature between 1 and 2.5 minuas, a: effect muad likely res*ing from
the slower response of the wet hulb. The temperature reacied a plateau of 77.4° F about
3 minutes after tho burst. It showed later flucttations and slowly returned to the ambient
level, which it reached at 30 minutes. ‘The wet-vulb record fluztuated about a level a few
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tenths of A degren above ambient after about 4.5 minutes. A relative humidity of 100
porccnt was vbserved at about 58 scconds followling tic time of sul ke s rivai.
he 720 surge ragus curve presented in Figure 4.18 indicates that the trailing upwind
edge of the surge should have passed the YFNB-12, which was at 2 bearing of 68°°T, about
214 sceonds after SZT. This is congistert with thv leveling-otl of the temperature record R
after 3 minntes, However. the upwind edge of the surge was not sharply defined,-and
ragged patches of wist could be ob erved at the surface beyond the main by ¢ the surje.
In addition, the YFNB-12 was in the foam patch, which scenied to producc a considerable
amount ot airborne spray, possibly by the action ot the “Wind on its toam-covered surtace. .
This foam patch spray scemed to augment the base surge at low levels and helped {o produce
18 long trailing edge. The trailing mist probably accounted for tho failure of the instrements
lo show a rapid veturn to ambient reudings.
Figure 6.5 is a plot of the data from the temperature recorder located on the DD-474,
1,900 feet downwind (rom surface zero, This brief record is similar to the record obtained
on the YFNB-12, indicating a dry=-bulb temperature risc starting at 12 seconds and reach-
fng a valug of 83.6°F, This was attained at 22 scconds; it was followed by a steady temper- .
ature decline until the cler ~nt 2ables were cut at 37 seconds, The wet-bulb temperature
started to rise butween 14 24 Loauids, and was still tncreasing when the [nstrament
stopped operating. ‘1he time Jf sur e arnival, determined visvally, was 18 sceonds ~-y
value consistant with tha tiuw s § tataperaturoe rise.
Wot- and dry~bulb tempeculares cecorded attiio 55-barge, 5,624 fovt mnaine | am
surface zero, are shown in Figure 6.6. The dry-butb temperature started to tall at 63
s¢cunds after tho burst, reashing a minimum of 75.2° F (G.4* below ambicnt temperature)
at 137 seconds.  Stawting between 60 and 66 scoonds, the wet-bulb temperature began to .
rise, reaching 77.¢ F (2.4% ,\bove umbijent) by 72 scconds after the burst. It subsequently
dropped, leveling off at 73.4¢ ¥ at 150 seconds, Tho dry~bulb temperature gradually re-
turncd to ambient, which it reachud 25 minutes ufter the burst, The wet-bulb tempecature
fluctuated uboat a value clese to the ambient value after about 11 minutes following the
burst. A brief period of 100-percent relative humidity was observed, starting at approxi-
matoly 60 seconds aftor the burst. The time of susge arrival, recorded from a visual
observation, was 60 scconds, which agrecd reasonably well with a subsequent check of
photographs. The records do not show any clear—cut indication of the passage of the down-
wind fnner edge of the surge. Howevaer, the slight temperaturo oscillation between 2 and
3 minutes may indicate the passage of fallcut, An extrapolation of the surge radius curve
for the 72* bearing shown in Figure 4.18 to the downwind position of the 55-barge indicates
a departure thne of e surge tralling edge of about10.5 minutcg. This general result is
similar to that attainud al the YFNB 12, In that a cooling effect, probably due to the presence
of mist and spray trailing well behind the main body of the surge, is indicated. This cooling
effect persisted at the 55-burge for about 14 minutes after the departure of the visible surge
trafling edge, possibly caused by air thet hud passed across the foam patch. .
Acrovding te 3 visual observation at the west site, the base surge arrived af tho DD-593
at 87 seconds after ST, ‘Lhe dry-bulb temperature at this station started to drop at 85
seconds and reached a minimum of 78.2' F (3.*% bclow ambient) by 162 seconds after the
burst, as shown in Figurc 6.7, The wet-bulb temperiture started to rise between 84 and
95 sevonds uiter the buesl, attaining u peak value of 76.3* F (1.2° F abeve ambient) by 107
seconds. The velative humidity reached 85 porcent at 2 minutes, Indicating that the base
surge was no longer saturated at tho location of the DD-593, 7,900 feet from surface ze+o. Eé
At this distanee, the surge had doubtless become diluted Ly mixing with & ambient uir. | \.{
B
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The departure of the downwind inner edge of the surge a4t about 141 seconds was not fndicated ‘
by significant changes in the temperatuce curves. :
At later times, the curves in Figure 6.7 probatly do not give a correet mdication of the ,;
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temperature and humidity of the surge, as this was the same station that recorded extremely
! hlgh tenpeiatures un Sl Wudivw (Figure 6.1).  No.such high wemperawres were recorded
-at late times by any cther station.  The sharp temperature rise ¢ abont 516 seconds
(Fignre 6.7) was prohably associated with fudlout, and the 1arger rise at 458 seconds followed
. the arrival ot the upwind inner edge of the surge, which occurred at 440 seconds. As in
Shot Wahoo, the results are consistent with subsiding motion in both «f these areas,  This
is expected in the fallout region. It probably indicates a decay of the i hulerse in the
surge zeveral minutes after the burst and a subsequent gradual settling out of the water
. . drops that remain. Since tha temperature record dig not rise at the time ¢f surge arrival,
there was probably a net upward vertical motivn in the surge at early times. Inasmuch as
the ambient temperatures at the DD-593 were in agreement with the values recorded at
other stations, it is evident that the stack gases did nat aifect the readings prior to the
shot. An extrapolation of the surge radius-time curve for the 72* bearing in Figure 4.18
to the downwind position of the DD-583 Indicates a daparture tima of the upwind trail)’
edge of the surge of about 12.5 minutes. As at the closer statlons, the tamperature remained
below ambient levels, and the wet-bulh tamperature tluctuated near the amblent value after
this time, returr ~~ to preshot values at 25 minutes after the burst.

Changes of a b ¥ R dtude Weiv shown i tiv Site Irwin records (Flgare 6.8), obtan-

ed 11,700 feet almo: . dir-c "1y downwind from surface zero. The photographically ohserved
. time of surge arrive! «¢ 341 to 145 seconds is considbwent waia Yie drow in dsmperature start-
v ing at 147 seconds w.d the Jisc in wot»h'-.b temperature startla, “uiveen oa, 2ad 156 seconds,
The visually estimated time of surge arrival of 155 scconds was possibly in crror Lecause
¢ of the poorly defined leading cdge of the surgo. The wet-bulb temperature fell below
ambient when the dewnwind inner edge departed at 201 scevads.

The relative humidity at Site Irwin reachud a peak of 83.7 percent about 3.1 minutes
ufter the burst.

About 4.7 minutes after the burst, the dry-buib temperature started to climb slowly
toward the ambient level, ‘This value was not reached until 14 minutes atter the shot, and
the temperature remained almost constant after 14.3 minutes. However, the wel=bulb
emporature fluctuated at levels siighiiy ubove ambient even after 18 minutes from the
timo of tho shot. An extrapolation of the trailing upwind adge of the Umbrella surge,
as shown in Figure 4.20, to the d1tg 1ywin position indicates a departuse time of 15.9
minutes. Though the evidence is not conclusive, it appears that the shallow trailing layer
still existed at Site Irwin, though it was probably no longor visible.

It was gstimated visuully that the base surge arrived at Site James, 14,700 fect from
surface zerv, ut 210 seconds (Figvre,6.9), Howavor, the first significunt dey<bulb temper-
ature drop statted at 259 seconds, the temperature reaching a minimum of 80.0° F (1.7°
below ambient) 70.seconds later. The wet-bulb temperature rose to 75.2° F (0.7 above
ambient) at about the same time. The 49-sccond discrepancy between the visual arrival
time and the time of temperature drop is not understood. Possibly, the leadi: ¢ edge of
the surge was anove the surface in the vicinity of the islands, As seen from the aiveralft,
this would give the appearance of the surge arriving at a station. In addition, the ragged.
frregular nature of the surge when it reaciwd the islands contributed to Ui d*f(inulty In
determining timss of arrival.

The relative humidity reachea 78.5 percent aftor tho surge arrived, a value considerably
lees than recorded closer to the burst.

The departure of the downwind inner euge or the base surge at 33u sceonds war rat
indicated by any sudden change on the temperature records. Huuwover, the drv-hulb
i . temperature gradually rose, then leveled off for about 2 minutes after the arcival of the”

. upwind inner edge of the surge at 9.3 minutes, then climbed slowly and reached the ambient
value 13.6 minutes after tho burst.
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Datween G and 9.5 minutes, the wet-bulb temperalure fiuctuated around 4 value possibly
. 0.5° beiow ambient, then rose from 73.6° to 74.7° F in 35 seconds with the arrival of the
upwind inner edge of the surge and continucd to oscillate about the ambient wet-bulb temper-
ature thercufter. .
A direct extrapolation of the surge motlon along the 72* -10-252* axis, us determined v
' from surfr :c photography, indicatcs a departure of the trailing vdge of the curge mist {from
Site James at 18.5 munutes after the burst. Since the dry=bulb temperatmie ro.cined ¢
ambient level at 13.6 minutes, it appecars that this extrapolaticn is not warranted.
Photographs show that the visible surge was beyond the island stations by 13.3 minutes -
after the burst, which is consistent with the time of return of the temperature to the ambient
value. IYincrcfore appears that the shallow layer of mist, which trailed behind the main
body of the surge at the closcr-in stations, had dissipated whrn the surge passed Site Jamas.
The station at Site Keitli was the {arthest {rom surface zero (13,780 feet) and was at a
bearing-of 265°, which was 30° off the axis of surge drift. A surge timne of arrival of 6.7
minutes was estimated {rom the average surge motion, disregardivg the lebes. The time
of departure of the trailing edge was estimated as 11,7 minutes on the samne basis. The,
statlon was in the edge of * - surge during this period and, since the surge boundaries were

not snarply detincd, no pre ncin vhanges In the temperature records were observed
(Figure 6.10). However, thr dry-..lb temperature variations exceeded the ambient vari-
3

. ation between 8.5 and 10.3 nuin tes 2fter the burst, reaching a minimum of f1.5¢ F ).6°
below ambicat), at 9.7 minutes. Thrse timae ~2 2 ronsistunt with the exu wulzeu dvusiage
surge motion.
Since the wat-hulh temparatura fluctuated continuously, both before ard wter the hurst, [y
it was not possible to rolate any variations to suvge effecte. Huwever, there is sone
evidenco of 2 gradual slight wet-bulb temperature rise during and sfter the surge passage.
The maximmia relative humidity during the period when the surge wzs known to be at
the station was 76 percent, recorded at 10 minutes after the burst., The pnak value of 77 .
povcent, Indlcated at 19 minutes alter the burst, is dilficull to explain, as photographs
show clearly that the surge was well beyond the {slund stations at this late time.
Relative humidity versus time for all stations is given in Fizure 6.11. Times of surge
. arrivale and, where pogeible, the surpe departures ot each statfon as determined from
the photographic records and/or visual observation are indicated in the {igure,
Although the times are not exact because of the different response times of the elements,
Figure G6.11 shows qualitatively that the relative humidity in the base surge was at, or
close to, saturation until the surge reached the 55-barge. It then decreased fairly rapidly
with distance from the burst. The long perasistence of high refative humidity a$ the YFNB-
' 12 and 55-barge may have resulted from airborne mist, or cooled air, from the foara
patch. The YFNB=12 was within the patch, but the 95- bargo was about 2,000 feet downwind ,
of its edge.
' A reproduction of a portion of the original record obtained at the YFNDB~12 station is
presesttin Figure 6.12. A correcuon of 3.0° F should ba' added to the wat~bulb readings.
No correction is nceded for the dry-bulb readings. The minus 1-second radio signal is
displaced from ‘e minus l-second pozition or the trace because the pen which recor '
the radio signa.. was located about 1 inch from the pen which recorded the truce. .
Figure 6.13 is an expanded plot of the data obtained at the YFNB-12 for the period of
minus 1 minute to plus 5 minutes. The golid lines are based on the data obtained from
the charts and have been corrected only for the calibration of the bulbs wud the varviati~:
in time due to fluctuations in the power supply. The wei+ and dry-hulb readings are
+ {dentified by the symbols lndicau'd on the figure. The dashed lines ave the corrected
curves, adjvr ~d for the response of the instrument ard {ts associuted components. These
dashed lines are valid only if the change {n temperature at the sensing element is a step
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change (Section 3.2.5). During dhue Uniaclla, indications ure that the supe arrived as
a temperature step change at two or possibly three stations —YEFNB-12, DD-474, and
53-barge. Relative humidity, corrected for response time, is ncted for these stations
on Figures 6.4 through 6.6,
* In the correction of the data recorded at the YFNB-12  (Figure 6.13), it appears cither ;
tha' the dry-bulb readings overcorrected or the wet=bulb readings vadercorrected between g
30 and G0 sceunds after the burst, since the adjusted wet-bulb temperatace lies slightly
abuve ihe adjusted dry=-bulb value. In all prohability, the true temperature changes for
. beth bulbs during this period were not the step changes required for the response correction.
It is difficult to gain a coniplete understanding of the changes occurring within the base
surge by examining the data obtained at scattered fixed positions. A more satisfuactory
approach would be the usc ot instrumentation that could’ move with the surge, perhaps at a
fixed distance behind the leading edge.  However, ihis lechnique would be eatremely diffi-
cuit, if not impossible.
Some indication of the changes occurring within the surge may be obtalied by stedying
the peak values of dry~ and wet-bulb temperatures recorded just uftor surge arrival at
cach station and pi « “'g these a3 a tunction of time of occurrenca. The inagnitudes of thy
first changes are sh. - fur Siot Umbrella in Figure 6,14,
The (igure indicatc + an imtial heating of the lagoon water by the detonation. As during
Wahoo, the heating coun nul bo measured exactly, because the surge ~robal cc tained
a mixture of water originativg; at the sur®.2~, where the temperatui = waz ow.v” 1, and ut
. deepar lavals that wara coldar. When the eurga traveled outward, evaporative cooling
> occurred. The dry-buib temperature fell below the amblent level about 1 minute after 527,
reaching a minimum soon after 2 minutes. It then rose and gradually approached the am-
bient value. The wet~bulb temperature rose above the ambient level, probably as a result
of the heating by the burst, but dropped toward the ambient value quite rapidly.
. Althoygk the times indicated are not precise, the general agreement with theory is
excellent, Initially, the base surge was a dense suspension of warm v+2u waler droplets,
These droplets warmed the ontrained ambient air by conduction and ralsed its relative
humidity by evaporating moisture into it. The warm stage lasted for possibly 60 seconds
and Ui surgs wus saturated for possibly 100 seconds. Thereafter, the surge relative
humidity was reduced by a gradual mixing with the drier extornal amblent air. In aduition,
evaporation produced a cooling effect, which becamo less effective as an Increasingly large
volume of air was engulfed by the surge. It soems unlikely that the Umbrella base surge
could be {dentified by means of temperature-humidity recorders after about 15 minutes
N following the burst.
On Shot Umbrella, soveral of the recorders Indicated one or more slight drops in di s«
bulb temperature between the time of dotonation and the tims of surge arrival. Two changes
of this nature are shown in Figure 6.13. The temperature drops apparently resulted from
the passage of the rarefaction phases of alr shuck waves, which cosled the alr for a brief
L.
The rarefaction wave data obtained by Project 1.2 (Reference 29) and the temperature
change data obtained by Project 1.3 arc summarized in Table A.3, and are als. p esented I

in Figure 6.15. 'The Project 1.2 records showed the pasrage of two negative waves at
early times. The first wave.arrived at the three closa-in stativus about 0.5 second after
the burst and produced a pressure drop in this region (1,747 to 2,070 feet) of the order of
0.1 psi below ambient values. There was no indicutian of this on the temperato=y ~ wwig
The second negative wave was stronger in mag~itude, producing pressure orans ranging
from 0.46 psi at the EC-2 to 0.13 pui at the 85-burge. This wave arrived at the EC~2 at
2.6 gcconds after the burst, The pressure dropoed to 2 minimum value 1.4 scconds later.
The pressure minimum reached the 55-barge 7.1 seconde attey the burst. The temperature
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at the passage of this rarefaction wave were recerded 2t five stations,

ceatendmy to Site Keith,

.. The vecorders also registered 2 thivd yavefaction wave not found by Project 1.2, This
watu iy By oviginated ab st fuce sero about 22 seconds after the hurst us the ravefaction
phase of a shock wave produced by the coilapse of the water cavity. The recorded temper-
awe drop  indicate that this wave was approximately of the same order of nugnitude as
the sceond negative wave. This wave was not detected at the close-in stations u, cithes
Project 1.2 or the temperature recorders, hecause the surge had already arrived at these
stations, making it impossible to differentiate between the effects of the surge and tare-
faction wave. For the farther out stations, the Project 1.2 records, which were tape
recorded, were not played back to the relatively late times necessary.

The data is consistent with the vecorded pressure~vavetis=time dala and with air shock
wava theory, which Indicates that temperature changes should follow pressure changes and
that a pressure wave should broaden as it travels outward. The latter effect uccounts for
the apparent slowing down of the leading edge of the negative phase as it moved away {rom
the point ol origin.

The temperature chuyy  *hat occurred at the varfous stations during the passage of
the raretaction phases wers  aaited by means ol the adiabatic velationship for dry air
(Reference 10).

N i "Cp
Ty w l—.‘ ) .
2 T'\ pl t ‘)

Wheras Ty = final temperature, K

-

Ty = amblent temporature, K
P; = final pressure, psi
Py = ambicnt pressure, psi
R = gas constant fov dry air, 0.287 joules/gm K
C,) = sgpecific heat at constant pressure, 1.00 joules/gm K
&

Tomperature changes calculated by micans of Equation 6.1 arc included in Tahle fi.3,
Since the Foxboro recording system was not desigmed to measure the rapid changes that
occur during the passage of a shock or rarcfaction wave, the data shown in Table 6.3 are
pot precise. ‘Lhe times of commencement of the temperatere drops are probably accurate
to within 1 second, but the magnitudes o1 the tempervature drops are not correet because
of the 1clatively slow response of the system. The calculated temperature changes range
from 10 to 20 times larger than the recorded values, but the application uf a step change
correction to the records reduces the difference to about a factor of 3.

The condensation cloud, which appeared on the side of thwe column 1.8 secands after SZT,
was pioi-Uly formed by the second rarefaction wave shown on the pressvre~time records.
The passage of the sccund wave was also shown by a sudden increase in size of the ratural
clouds in the area. Thesc changes in cloud agpearance started at 4.4 seconds in the . ¢ nity
of surface zero, which is consistent with the recorded thines of arrivul of the second
negative wave at the airblast and temperature-humidity stations. There wuas no svidence
of the passage of the third wave at the cloud level.
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TABLE 6.1 SUMMARY OF TEMPERATURE AND HUMIDITY RESULTS, SHOT WAIlOO

- Station: DD-5YT  YC-9  Mud»
Amident value durng 1 minute prlor to
. time of doetonati
Dey-bulb tem, vatme °F 82,9 80.9 319
* Wet-bull tem, sealure, *F .2 T4l e
Relative humloty  jarntent [Py %3 70
Time of first change:
» ) Dry -l tompuratare, ecconds 130 160
Wet-bulb temperature, scconds . 137 to 147 159 to 166
. Peak valuo dut fsyg first changu:
Y Dry-bulb temporature, *F 45,7 81.2
IS Wet-bulb temperature, *F 7 8.7
. thie of weeurrence of poak valuo:
‘ Dry-lulh temperature, scconds 140 169
Wet-hulb temperaturo, seconds 158 a6
Timo of base surge arrival:
Visual, scconds 140 -
, Photographic, scconds 130 to 169 161 te 176
Time of return to amblet tenperaturs, minutes 219 158
Length of record altor zeco time 1atwtes "7 106

* Times of wet-bulb tempetature change are spproximate, since wet-bulb readings were taken at
intervals of § to 9 scconds.
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Chapter 7

COMPARISON OF HARDTACK RESULTS WITH
HIGH-EXPLOSIVE AND NUCLEAR DATA

7.1 SPRAY DOMES

The spray dome provides information concerning the shock wave produced by an wraer~
water explosion, Furthermore, it i8 capable of damiging low-flying alicraft. Imtial domwe
velocities are mo' sured to evaluate the shock wave effects, but a knowledge of the complete
height-versus-ti,  1ste=v of tho spray is needed to asscss the hazard to alreraft.

To evaluate the & licui:lity of Equation 1.4 in practice, the vertical risv of the center
of the spray domes sormad hy 300-pound TivL' chax;~° har “een measured in NOL axperi-
mental programs. Thuse .58 Includcd olargo dopths ranging from L ta 0 (eet in
rclatively deep wates, lu larms ot geomet.aval scaling (Ag), the duplits ranged from 1.50
to 15.0 ft/1bY3, Initial dome velocities were obtalned by plotting h/t versus time, fitting
a straight line, and extrapolating to zero time, as was doue for the Wahoo dome. In the
height plots, the time Interval that was used to detormine the slope of the line started
between 0.2 and 0.3 second after SZT and lasted for 0.5 second or longer.

According to Equations 1.1 and 1.4, tho initial velocity of the water surface dircctly
above & TNT cxploston should be

6.22 x 10° (w"’) L1
“TpU \R/

This relationship 1s shown graphically in Figure 7.1 for comparison with the obaerved
values of V obtained from vhotographs of thc 300-pound TNT explosions. The agreement
1s good, particularly in the range of A,'s between 1.5 and 10 ft/1b'?,  The scatler at shailow
depths of burst is probably due to measurement difficulties, resulting from the carly
appeerance of plume effects. The lack of agreement at the lower shock pressures
e > 10 it/1n17) may be aiteibuted to a neglect of the so-culled breuking pressre Py in
Equation 1.4, This appears in Equation 1.5 in the torm 144 Py/pU. The nature and mag-
nitude of this term are not known, since Equations 1.4 and 1.5 apply only to the witer sur-
face and not to the spray rising above it and masking it. In practice, only the top of the
spray can be measured. Fortunately, this gives usetul rosults.

The magnitude of Pp, to use in spray dome studics is best determined by employing
Equation 1.5 and solving for Py, when the chserved V, s diffecent {rom that indicated by
Equation 1.4 or when no spray is chserved (V, = 0). With this approach, Py, 5 assentially
an empirical correction factor w~hose physical meaning ts ohscure.

The average of the values ul Py, that will produce agreement between Equation 1.5 and
the V, values that are less than indicated by Equation 1.4, at depths greater than A, =
10 §t/1b!" in Figure 7.1, s 444 psi. This is in olmost exact agresment with un average
value of 450 psi obtained ly calculating Py, ul e edge of the spray donic wheve V, =0)
from 325-pound TNT charges (Reference 41), and is not greatly different from the average
value of 584 psi obtained by the same method trom the NOL 300-puund TNT Jata.
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It svems possible that the Py, cffect increases wath depth of hurst for deep explosions.
Some tendency in this direction is shown by Figure 7.1. The data in References 41 and 42
algo chowe an increasing percentage difference between the obscrved and theoietical velwei-
ties predicted by Equation 1.4 with increasing depth.  Charges of amatol weigh *ng 300 pounds
produced no spray when fired at a A, of 20 ft/1b3. This implics a P}, of 1,400 psi for .
this scaled depth.

As a general rule, lquation 1.4 may be safely used for charges of severit! } “rdred tounds
between geomeirically scaled depths of 1.5 and 10 ft/1b'3, The proper procedure is un-
crtain at A, values greater than 10 {t/1b'?, since some measursments are in agreement .
with Equation 1.4 aad othors {all below it. The subject requires further study, Iwcause
the use of Pp is undoubtedly an oversimplification.

The retardation { was also calculated for the rise of the canter of the spray domes pro-
duced by 300-pound TNT charges, Thuse are shown in Figure 7.2 as a function of Age The
scatter is of the order of 20 percent, hut the following expression provides a fairly good
representation of the data:

£ = 268 \a! )
(vas o, 3 2 Ay <16 (t/1b1F)

This can be interpreted as indicating thet relatively smeii trops o2 produced in the
spray domee from shallow zlcts, s.nce these ara decelerated rapidly &y vieecor e | oo
The large drops formed by deep explosions suffer httle atmospheric Jdrag. ‘the retardation
shou!d reach a lower limit of 16 {t/sec?, which Indicates the effect of gravity alone. For
this reason, Equation 7.2 is valid only tu a A, of 16 {t/1b'3, At greater scaled depths, a
constant f of 16 f¢/scc? should be employed.

The values uf [ determined at the centers of the spray domes were 30 ft/sec? for Shot
Wahoo and about 20 ft/sec? for Shot Wigwam. Both fell well below the TNT values, indicating
that Equation 7.2 i3 not valid for nuclear explosions.

For tactical studies, it {s nccessary to consider the shape of the dome and its rate of rise
at all points. For a TNT explosion, the initinl velocily of the surface of the dome as a
function of distance r along the surface can be calculated (rom Equati- . 7.1. The shape
of the dome at early times may be approximated by taking the ratio. of initial velocities
along the surfaco to the inftial velocity at surface zero, as follows:

v.(r) c \ I3
M ALLA -
Vol = o8 6(R ) ' (7.3)

Where: V,(r) = initlal spray velocity at a given dome radius, r, fl/sec
Volo) = initial spray velocity at surface zero, ft/sec

Since cos & = ¢/R, this reduces to

Volr) = V(o) cos®™ ¢ (1.4)

An eapansion ot tquanon 7.4 in terms of tan 8, which Is equal to r/c, gives the following
(Reference 12):

2] -10 . .
Volr) = V(o) [1 + (-:.) ] (i.5)

Equations 7.3 through 7.5 are valid for both TNT and uueicar explosions. ' ’
If the rising spray can be represented by Equation 1.9, the maximum height at any r is

" indicated by
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Where: hyax = maximum helght of spray, fect

On this basis, if { Is assumed to be conatant, the shape of the spray dome at its greatest

. hLeight should be represented approsimately by

r\: 728 .
hjnax(r) = hyax(o) {1 +( E) 7.3)

A comparison of. the shapo of the Wahoo dome at 1-secord intervals witii curves caleu-
lated using Equations 7.5 and 7.7 is presented in Figure 7.3. In genoral, the agreement
with Equation 7.5 is good at r/c values loss than 1. At greater dome radii, the Wuhoo
curves tend to shift toward the Equation 7.7 curve.  Although the Wrhoo curves occasionally
exceed the limits of the two theoreticul curves noar the center, the lattar provide a useful
bracket that can be obtainec’ quickly when the central Vi, and h values are known.

This treatment provides a means for comparing the spray domes from different burats,
However, a comparison of the Wahoo results with TNT data, for bursts at the equivalent
Ac 218 1t/16%3, word be possible in only a limited manner, because the bubble effents
are dif(ervent. Althou A4 for Wahoo was 1.30, N for 2 300-pound TNT explosion
ul the giver Mg i8 only « 528, »ilch {8 about half the Wahoo value. The relatively shallow
HE bubble pushes the wier surface upwara through the . ray o form a hemispherical
wound {n the center, befory the dome is fullv developed,

Photographs of 300-puund INT explusions u scaled depths of 1.79 and 2.39 tt/ 15 ave
shown in Figure 7.4. These conditions bracket Shot Wahoo, scalewise. In the shallower
burst, a dark contral jet, possibly resulting from the travel of gaseous oxplosion products
up the charge support cable, was visible within milliseconds of the cxplosion. This jet
rose rapidly above the dome. In both cases, the bulging of the domo, as a result of tho
expansion of the relatively snallow bubble, was clearly visible by 0.2 gecond atter SZT.

A well-developed primary spray dome was observed during Shot Wigwam —a 32-kt
explosion at a depth of 2,000 feet, The primary dome reached a maximum diameter of
ahout 14,000 foct and had reached a contral height of 160 fect when a sccond spray dome,
formed by the first bubhle pulse, rosv above’It (Reference 6). The average initial spray
dome velocity measured at surface zero on five photographic records was 115 {t/sec, which

. was 33 percent higher than the theoretical velocity of 86.7 {t/sec. Stmilar results were

obtalned to a dome radius of 1,600 feet.

A comparison of the observed Wigwam spray doma profiles with possible theoretical shapes

{8 made fn Figure 7.5. Tho agresment between the curves and the data is not as good as on
Shot Wahoo. In one case, the height Is 40 percent greater than the simpie thiory indlcutes.
This result §s consistent with the unusually high Initia} spray dome velocities recorded on
Wigwam.

Both Wahoo and Wigwam were detonated when the ocean surface was extremely rough.
This probably accounts for the fact that the spray dome velocities were higher on thuse
nuclear tests than on HE tests, since the latter are rarely conducted in such conditions,

In the analysis of the Wigwam data, the exceytionally spiky appuarance of the dome and
the broad scatter of the measurements were noted (Heference 6). The ifrregularitivs in
the water surface seomed to have a 1elatively stronger influence on the wide, shallow
Wigwum Jome than on the Wahoo dome, which was narrower and higher.

The spray domes formed by shallow HE bottom bucsts, scaled geometrically to Shot
Umbrella, have not been studied in datail, because the domes are.shrrt lived wul ave
rapidly overridden by the expanding column and piumes. At this scaled depth, the effect
s more pronounced than shown in Figure 7.4.
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Beeause of the impurtance vt vicld determinations op uuclear hursts, the spray dome
method employed on Shut Umbretla (Section 4.3) was used for estimating the cffective
hydrodynamic yield of Snot Baker during Opveration Crossroads. The central spray-dome
height was measured on several Baker [hins; the mwat sviiabic scoud shuwed & spray
valeity of 4,700 {t/sec for the period from 0.066 to 0.08Y second IReierence 21). ‘1his
gave & Po/"7 of 32.4, which is consistent with shock wave predictions for a distance of 90
feet from a 24-kt nuclear burst. This yield value is within about 2 percent of fue repe.wed
radicchemical yield of 23.5 kt, which is evidence that the spray dome velocity methol §s
reliable for the determination of yiclds of shallow nucleay tursts.

The Baker hefght-versus-time curve, which was'used fov the spray dome analysis,
showed an voward acccleration at 0.075 sceond after SZT. This possibly was cvidence of
blowout, which may have commenced near the suzface at apprximately 0.06 second atter
SZT. As a result, the spray dome height-versus-time measurements were too hrief in
duration to permit the employment of the h/t-versuz-t technique that has been used for
decper bursts, :

il
.

7.2 PLUMES AND VISh RZCE SURGH

In order to compare tho \ ahou piume with HE plumes, yeometrical scaling of the bubble
may it oiploved as an apnroxs o scaling technique,  For wahoo, Af  wee 1,50 The
NOL 300-pound TNT tosts closest to this condilut: wore fived at depuns v «3 i ob oot
where AL s equal to 1,15 and 1.42 respectively. At both depths, a pronounced central
vertica! 2t roso above the spray dome, originating at the surface about 0.9 second after
SZT. The time of origin of this plume was about 0.1 second after the observed.first
bubble periods of 0.78 and 0.80 sccond for 300-pound ‘UN'1L' charges at these depths (Refer=
ence 43)s The reported migeution during the {lest perlod for charges fired at depths of
25 and 30 feet was aboat 15 and 25 feet vespectively (Reference 43).  These approximate |
values show that the collupsed bubble was close to the surface, and tho et originating at
the bottomn of the bubble shoauld, therefore, bo able to penotrate the water ahove it to pro-
duce the observed vertical plumo. Radial plumes appeared at about the same time, resuit-
ing from the veexpansion of the bubble juat bencath the surface. These phenomena ure
{llustrated for tha 20-foot depth in Figure 7.6.

- Although the Wahoo bubble prohably also migrated to a position close to the surface
during its first oscillation, there was no pronounced vertical plume on Wahoo. This
difference indicates that the deep HE tests in the field may have little value for the direct
scaling of nuclear plumes. )

The average radial and sortical growth of the Wahoo and Wigwam plumes is compared
in Figure 7.7, The hought-vorsug-timo curvos are vory similar in appearance, although
the Wigwam burst ocerrred at a depth of 2,000 feet, and the hubble oscillated at least three
times during the 10 seconds before plume eifects sppeared. The Wigwvam plumes appearcd
to rauiww from a point beneath surface zevo. The Wahoo plumes originated about 5 seconds
carlier than the Wigwam plumes, apparently fron above the original surface.

The maxiinun height of the Wigwam plumes (1,450 feet) was consistent with the e: ' ated
initial velocity at the surfacu of 300 ft/ses Refevence 6), providing that gravity was the
only retarding force. This s to be expceted, as there is little atmospheric retardatica of
large plumes. Since the Wahoo curve is similay to the Wigwam curve and the maximum
height is within 506 fcet of the wigwam height, the Wahoo vertical plumes, which may kv - -
started at a greater aitial height, possibly had a lower "nitfal valocity. .

The Wahoo plumes expanded radially at a grester rate than the Wizwam plumes and
attained a greater waaimum coliapsed diameter (3,807 feet as compared to 3,100 feet), A
close examination of the Wigwam plumes (Reference 6) showed that there was an imtial
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group of vertical plumes and 3 later group of radial plumes, which uppeared at lower levels,
The sccond group spread laterally at a greater rate than the first and expanded beyond them
at 22 seconds after SZT.

‘Though the Wigwam yleld was 32 kt, the first maximum bubble radius was calculated to
be 376 feet, which is almost identical to the 384-foot maximum bubble radius calculated
for "vahoo. However, there is cvidence that most of the steam in the Wigwam bubble
condensed during-its upward inigratlon and that the water surrounding the Lubbls continucd
to rise in the form of a vortex ring (Referenca 17). A vo, lex ring would have a central
veloeity greater than the translational rato of the entire mass, which could sceount for the
relatively high velocity of the Wigwam plumes, The Wahoo bubble undoubtudly lost some
steam during its collapse but seemed to reexpand above the surface in a roughly spherical
shape, theruby driving the surrounding wilur outward § 1 syinmetrical plumes. The Waliou
and Wigwam plumes had almost the same overall volume: this might be attributed to an
upward transport by buoyant forces of roughly equivalent masses of water. Although dl.
nechanisms are not understood, the result {s possibly connectodd with the almost identical
volumeos of the {ully oxpanded bubbles.

In both casos, ¢ '3 group of irregular plumos appeared above the surge aftor the {irst
mrss had subsided.  .ag prames wero belisved to result trom the osctllation ot the
surface. The Wahoo atg piume was 950 feet high whereas the Wigwam late plume attained
a height of 770 feet,

The base surge formed hy 530-poitnd TNT rvpluslons I8 temitus wid §: witicilt to measure.
It 13 doubtful that tho limited surge data avallable {rom these tests, at submergeance factors
stmilar to that of Wahoo, is of value for extrupolation to the nuclear scalu, particularly
since the generating plumes are different in structurs.

The Wigwam base surge was similar to the Wahoo surge in general appearance. However,
1t expanded moro slowly and was smallor in size, as shown by the average radial growth
curves in Figure 7.8, This would indicate that less liquid water remuined airborne following
the collapsc of the Wigwam plumes than on Wahoo, a result that could have been caused by
diffcrences in structure of the plumes,

A comparison of the Umbrella column and plumes with HE surface phenomena for the
samo saaled degth (A, = 0.595 {t/1b!?) shows a major diffcrence. This fu wie appearance
of a blac’z smoke crown on the HE tests, which represents tha blowout of explouicn products
when the expanding gas bubble ruptures the water surface. Although a nuclear smoke crown
would not necessarily be black, a well-defined cauliflower cloud, similar to that during Shot
Baker, would be expected if blowout occurrad. No such cloud appeared on Shiol Umbrella.
This result, combined with the rclutively low intensity of nuclear radiation recorded biziore
he emorgence of the base surge, indicates that the nuclcar bubble did not rupture the water
surface above the burst when the bubble pressure was high enough to cause an outward flow
of fissiva products.

Under comparable conditions, the amount of blowout of an explosion should decrease
«ith increasing depth until a depth i3 reached at which no hlowout eccurs, This trend is
fndicated by a shrinkage in the smoke crown size and may be examined by using the vatio
of the maximum smoke crown diameter Syay to the maximum column diamete» Dy,

In very shallew HE teais, the smoko crown {s clearly defined. and the average rativ of
Smax t0 Dmax decreases from about 4 at a A of 0.15 ft/1b'? to abuut 3 at a ), of 0.59
ft/1b¥3  [Reference 1). ‘The data for greater scaled depths is limited, but a more rupid
deurease in smax/Dmax oceurs. The scaled depth at which no black stuvke appoeave i~
not known exactly; however, it Is roughly 1.0 ft/1i:*7 for TNT charges weighity hetwesn
100 and 600 pounds. :

Alrblast data {rom conventional underwater ~xplosions is also of interest here, because
the blowout of bubble gases on a shallow burst produces a strong shock wave. The strength
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of this wave-decreases rapidly between scaled depths of zero and 0.5 ft/!3 | then decreases
slowly. The wave becomes relatively unimportant, though observable, at a A of 9.81 ft/
WA (poference 44). This regnlt s consistent with the sineke evovmn cvitdenee,
TNT charges fired on the Bottom, at depths geometrically sealed to Shot Umbrella, are
in the : egion where blowout cffects change rapidly with increasing depth, and the plume .
duta shows considerable seatter.  As examples, the column and smoke crown formed by
00~-pound ‘I NT explasion un the bottom in 5.58 fect of water (g = 0.535 {t/Ib!?, und a
4,200~-pound TN cxplosion on the bottom In 9.25 fect of water (A, = 0.508 {t/1b*?) arc
shown In Figure 7.9. In both cases, black smoke can be seen to emerge above the coiumn.
Although these examples are shallower than Umbrella, scalewise, they ave the bes: apprexi-
mations to Umbrella that are currently available. .
"tne surface phenomena of Shot Baker are shown in Figure 7.10 in order to illustrate the
differences from the Umbrella results. (Shot Baker wasdetonaed 3t a depth of about 90 feet.)
The cauliffower cloud on Baker can be attributed to the shallower depth of hurst (A¢ =
31.5 ft/kt!? as compared to 75.0.ft/kt}? for Shot Umbrella). The differences In the dimensions
of the phenomena are shown in Figure 7,11, where it can be secn, for cxample, that the maxi-
num radius of the Baker co ilflower cloud was about three times as great as the maximum
vadius of the Umbrella plw Ti» Raker and Umbrella height-versus~time curves are
sumilar for the fivst 25 sccon ¢ of vevelopment. After this time, a central white plume,
which possibly was an extensivn of tho colunm, rose ubeve the Bake= cauliflower cloud.
' The sides of the Baker columa we ¢ virtually straight and were peroendicu... & .« water
surface after the carly stage of expansion and betors we column started to ¢ .llupse, HE
tests secaled to Baker and Umbrella also form perpendicular cylindrical columins whose
maximum dlameter Npyax can be measured without great difficulty.

As a resull, equations were developed for scaling HE maximum column diameters, and
these were converted to nuclear bursts by using an adjustment factor obtained from the
Bakor result (Chapter 1), However, the Umbrella column was not vertical; in fact, it
narrowed down about 300 feet above the surface and then gradually widened out above this
up to where it merged with the plume. It was not possible to establish objectively a Dyay
that would be comparable to the values obtalned for HE and Baker. In additien, the measure-
ments of the growth of the Umbrelia column neck were not similar to the column growth
curves for HE shots geonwtrically scaled to Umbrella.

Equation 1.36 predicts a Dypax of 1,550 feet for Umbrella. This is equal to the averaged
diameter of the Umbrella column and plume about 6 seconds after the burst, when the lower
part of the column was starting to fall. The prediction, therefore, is conslstent with the
overall size, though it would be difficult to obtain such a number, for sculing purposes, by
direct measurement of the Umbreils photographs on the basis of the rules used for the HE
and Baker column measurements. Additional knowledge of the detailed phenomena might
make possible the formulation of a more general technique fur ubtaining Dy o

It i3 clear that the column and plume phenomena of Umbrella and Baker were radically
different and that the tests belong In separate categories. These may be termed “shallow=
non-blowout” for Umbrolla and “shallow-blowout” for Baker or “shallow” and “very
shallow” in analogy with the terms employed for dorp bursts. .

‘T'he mechanism of base surge formation was similar or, Umbrella and Baker, in thae,
in both cases, the leading edge of the surg> seemed to originate as & spill-out of material .
from the base of the column. This material possibly came frow the lip of the expanding
cavity in the water, which was hidden by the spray in the ¢olumn.  The spray in the collopsing
column then flowed outward; this was probably the main sonrce of the surge material  fan-
out also added water Jdroplets to the surge in hoth tests, tiwvgh the fattout was mere centially ’
lccated on I'..cbrella than on Baker. In the latter test, large masses of water fell {from the
cauliflower cloud, which extended well beycnd the colunan.
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The average base surge adius-versus-tinie curves fur Umbrells and Baker are comparcd
in Figure 7.12. (The Baker curcve is based on recent measurenients of the photographs at
NOL and extend beyord the values nrovieaaly commorized in Reference 1.} The Bakier surge
grew more rapidly and prohablv reached a greater size than the thabrella surge. although
the record is wo short to saow ¢h. final vadue. The physical appearance and behavior of
the Umbrella and Baker base suz es differed radically after the {irst minutes of develop-
munt, A8 showa in Figure 7.10, the Baker structure was relatively co nplex at 144 secunds
after the: burst. At this tite , ¢ laver of new clouds was {orming above the base surge and
rainfall was visible within ti.c surge. The Umbrella surge did not lift the arabient air enough
to produce a new cloud deck, aud the surge dreplets gradually evaporated

A considerable amount of base sucge data has been obtained {from HE tests at depths
sealed geometrically to Umbrella and Baker Meference 1), This information wus used lo
dcmonstrate tha validity of the g-‘roudu scaling technique for base surge studies (Appeadix).
When the scaled curves were compared, tho IHE and nuclear results were in good agre-
ment at early times but difforcd at late times. Consequently, the HE results are nse.al
for the study of surg: phenomenology but not for dirces extrapolation to the nuclear scale.
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Chapter 8

SCALING TO OTHER YIELDS AND DEPTHS FOR THE LEVELOPMENT
OF SAFE DELIVERY TACTICS

& primary objective was the enlleation of effects data that could be uged for devoioping
tactics for the safe delivery of nuclear antisubmarine weapons and for predicting the lethal
ranges of the weapons. In th** hapter, the usc of the surfara phenomena data for this
purpose will be considered. The possible offensive use of surface plume and cloud effeets
for inflicting damage or spreading radiological contaminants will not be trzated hera,
because only limited atten* *» has been glven Lo this subject.

8.1 GENERAL CONSIDERA IONT ,

In order tu develop sultable tuetics for the delivary of an existing or piogn=nd nv ‘ear
weapon, It Is necessary to estimale we nature wid = pnitude of all the dais ving, slicois
for tho expected burst environment. If a warhead has been tested under water at one or
two depths, as in Operation Hardtack, the problem exists of extrapolating the results to
other possible depths of burst. A more difficult problem is the extension of the existing
data to a device In the design stage with an expected yield greatly different from the yicelds
of tests condu., -7 1n the past. When uncertainty exists in the data or scaling methods,
assumptions are usually made that bias the predictions towird greatet safely, Consequent=
ly, predictions of phenomera made for estimates of sufe distunces for delivery vehicles
may differ (rom predictions made for other purposes.

Data is available vn the surface phenomena of four underwater nuclear tests with yiclds
ranging from 8 to 32 kt and depths ranging {rom about 90 to 2,000 {eet. The initial con-
ditions and scaling parameters are listed in Table 8.1. Each test listed lies in a cifierent:
depth category, as defined in previous sections of this rcport. These have been termed
“very shallow (blowout),” “shallow (non-blowout),” “deep,” and “very deep.”

1f predictions of the phenomena at other yields and depths are required, the first step
is to determine the depth category cf Uie condition of interest. Predictions may then be
made, using the appropriate nuclear test in Table 8.1 as a prototype. It is velieved that
predictions can bo made with a reasonable degree of confidence.for yields ranging {rom 1
to 100 kt. However, because of the lack of detailed theorctical knowledge of the surface
hsnvmana at tha present time. extranolations to yiclds considerably smaller or larger
than the shove specified range must be mad2 wath considerable cantion.

For surface phenomena pradictions for safe delivery, an additional category of “near
surface” burst may be established to include bursts that are so shallow that the laye, ¢~ -
water above them is vaporized by the explosion. The phenomena of this type of burst and
the associatcd hazards are unknown. Reference 23 indicates that the following equation
can’be used to vrovide an approximae boundary between rear surface and very shallow
furats,

¢ =21¢ {8.1)
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The five categories and four defining equations are shown graphically in Figure 8.1,
Because this ficure was prepared for use in safe delivery considerations, it has been
conservatively assumed that a burst at a geometrically scaled depth shallower than Umbwrella
{Ae 7 75 £/kt™) would e in the blowout region.  Probably, the truc transitionul depth

) between blowout and (ontainment of the bubble while its pressurc exceeds atmospheric

pressure les somewhere between the Umbrella and Baker sca)<a uipths. This has been
cstimated 1o 1< at a &¢ of 50 {t/kt!® Reference 23), although 10 Giree! »xperinwental
verificution exists,

8.2 SPRAY DOME

If delivery of an underwater weapon is ta be accomolish<d by a low-flying aizcrait, the
rising spray dome is a possible hazard, For practical purposes, the time interval between
a burst and the appe~ ~uice of spray ic negligible, sinc+ his depends on the speed of the
underwater shock wuve, which is rarely less than § . 20 s¢/sec. The maximum exten. of
the spray dome formed by an HE or nuclear burs. iy kv ostimated by using the following

anuatinn
LA

. 8 857 ~1230 A, . .. 82
Where: 6 = angle with the vertical of a Hine from L poial ¢f *r wrv =t he adge of
the sprey dome, degreus.

' The measurements on which this is based are pr:asonted in Figure 8.2, which shows the
general consistency hetween HE and nuclear data, For the nuclear bursts, an cquivalent
yield of 0.667 times tha radiochemical yield has 1+ «wn used Referance 10). Equation 8.2
is probably not valid beyond the range of A, i’ «2din Figuce 8.2.

> If a need exists for spray dome heights as a fur tion of timo for a deep burst, initial

spray velocitios may he calculated by means of Sguation 1.4. The peak shock wave
pressures at the surface may be obtained by means of Equation 1,10 if the pressures are
less than 3,000 psi, or from Reference 17 if tha passures are greater than 3,000 psi.
On the basis of the Umbrella evidence, the yi2!t¢ ¢ a bottom burst should be doubled for
the calculatfon of initial spray velocities, wi.en Jafcty is the prime consideration. Spray
dome helght-versus-time calculations at any radius may be made for deep shots by
employing the Wahoo rotardation factors ut ti ».ame values of dimensionless dome radius
r/c. Fquation 3.4 can be exprossed in the fuiiowing form for this purpose.

r
£: 30 0=%¥¢ (8.3;

Equation 8.3 i3 valid oniy to a dimensi.ilsss radfus r/c of 1.26. An upper limit of dume
heights may be estimated by assuming that gvavity is the only retarding force.

If the depth of burst §s great enough to permit one or nore bubble oscillations ber« «th
ate original surface level, a secondary sprzy dome hazard will exist. In the absence ot
other information, it may be assumed, for safety considerations, that this could occur ¢
submergence factors AL greater thun that of Shot Wahoo. Secondary dome phenomena

’ are not well undersiood. Howevar, these domes should origirate when the explosion bubble
pulses reach the suriace, and, as on Wigwam, can be about five times a» high as the primary
spray dome. They should not extend buyond the ~dge of the primary dome.

‘The fnitial spray velocity at the canter of the primary Wigwani dome was ¢ Wi w5 o7

- cent higher than expected. The rearon for thi= ) havior s not known. Howev. , to allow
for possible occurrences of this nature and the normal scatter 1n results, a 50-percent
safcty factor should be added to c.lculated inistal spray velocities for nuclear bursts.
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; No procedure for shallow bursts “as been estublished, except for the determiration of
E b maximum spray dome eatent by means of Equation 8.2, because of the carly emergence of
] the plumes. .
§.3 VPLUMES . 4
#;: A seconu hazard to delivery vehicles is the rapidly expanding muss of pluwnwe: jroduced
: by an underwate burst, The scaling of Wahoo and Wigwam plum2 growth is shown in
o reduced form in Figuve 0.3 as the prototypes for deep and very deep bursts, respectively. 4
jr: To scale these data, all radil, heights, and times were divided by the cube root of the yield,
&{; which is cquivatent to pressure-tnertia scaling of the motion (Appentix). This is an
) e approximation based on the successful use of this type of scaling for HE tests. In reality,
& gravity also affects the motion, but the neglect of gravity doce net appear to fatiaddace a
) % serious error, 1f the range of charge weights under ennsideration is not excessive.
s’ The plume radius ana heg,at dute cmployed as a basis for Figure 8.3 were maximum
& values becaasc of the safety requirement.  The reduced data n.ay be converted to other )
yields in the deep and very deep categories by multiplying the values by the cube root of
the desired yield, To fac: o thte nrocedure, the scaled values are summarized in
‘Table 8.2.
- The time of plume origin ivereases in stepwise fushion with depth of hurs(. It may be

assumed that the time of plumie oriia coincidis with tiw tHime of collanae «f t, ni* Ling
bubble at the end of its final pulsatiun beneath the suadce. A technique for cuiculating the
migration ard peviods of nuclear bubbles is presented in Refevence 23. Since the Wanoo

curves' in Figure 8.3 ave based on a test where the bubble oscillated once before the v
eruption of the plumes, they ara not strictly applicable to a condition in which a nuclear
explosion is deep cnough to permit two complete bubble oscillations. However, in the
‘ absence of such prototype data, the Wahoo curves may be uscd, providing that the calcu- .
4 : . lated curves for the deeper condition arve shifted by adding the period of the second bubble
5 pulsation to the calculated times. .
T if a nuclear bubble oscillutes three times, it talls in the category of very deep bursts
,»:‘ represented by Operation Wigwam. However, the third collapse of the Wigwam bubble
& appeared to occur several hundred feet heneath the surface. For a burst that occurs at
R‘?;l ' a shallowcr scaled depth than Wigwam, hut deeper than indicated by Equation 2,28, the
32}5 caleulated plume curves should be adjusted by subtracting a correction factor. The ripi-
\‘;1 mum thne of plume eruption for a very deep burst would be the sum of the three periods
i3 of bubble pulsntion.
'\’"’ For the shallow blowout conditica, the column, caulfflower cloud, and heavy liguid
» fallout wiust Lo considered. The scaling of the Baker plume growth is shown in Figuve 8.4,
E 5 reduced by the cube root of the yield. The reduced data may be employed in the same
s manner as for plumes {rom deep and very deep bursts. For this purpose, the scaled values
5 A are Hsted in Table 8.2, In the absence of other information, the maximum radius of heavy
3 ?., fallout at Baker may be scaled geometrically. This value was ubout 4,500 feet.
. Maximum values of the Umbrella plume curves ave included in Figure 8.4 and summarized
¢ n Table 8.2, to be employed as prototype data for shallow bursts that do not produce biewout.
For safety considerations, the relutively aarrow column neslt may e ignored, though it ’
< . undoubtedly has importance in the development of thouties of vaplosion phenomenology.
N In the shallow ranges of depths, it scems advisable to assume that the phames agpear
e instantancously at the time of burst. Although the plumes may appear as much as a fe.;
ff seconds fuier in the vuse uf o large yivid at the grealvs. uepth in the shallvw roige, v -
E methods have been developed for predicting the plume times for shallow bursts.
L4
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If 2 perst cconrs in the near surface range defined by Equation 4.1, the surfose cinud
phcnoniena siuld 1C wapethid tu vuiislst piandady of Tudivat.  Tie uxisting weirniques fur
the scaling ol surtace burst tallout may be employed in this range (Reference 45).

The plunes are capable of doing physical damage by direet contact with o delivery
vehicle.  In addition, therr vapid expansiun disturhs the air beyond their visible hounda=ics.
B cause of the general lack of reproducibility of plume phenomena  the curves given in
Figures 8.5 and 8.4 may be considered acqurate to £ 30 pereent,

In addition, a buffer zone of +50 percent is recormnended for avoidance of the violent
air motions beyond the column and plumes. A cuifer zono, possibly overiapping these,
should also be cstablished for protection {rom nuclear radiation originaiing in the column
and plumes (Reference 31).

8.4 BASE SURGE

Since the base surge s highly radioactive, it is of considerable Impeortance to ke ahle
to predict its growth for the development of weapon delivery tactics for both ships and
low-velocity aarc ~*%, 1.¢., lhelicopters. It will be assumed that the base surge radial
growth tor the tou, ' a1 twests conducted may be ecmployed as nrototype data.

The Wigwam bas  surg. was similar to the Wahoo surge in general appearance, though
it was smaller in size, av thown by the crosswind vuoial growth curves In "igure 7.9,
Although no base surge scatng studior have boei done for HE touvs uf woup wurats, it
scems reasonable to assume that the Froude technique is valid at the early sizge of surge
growth for the deep nuclear tests as well as for shallow bursts. A measurement of the
maximum plume height or the collzpsed plume diameter would sedm to be logical choices
as characteristic lengths tor scaling the radial growth of the surge. However, the plumes
arc generally irregular In shape and nui reproducible. In the absence of good statistical
data, these parameters cannot be uscd. .

Since the nuclear plume dimensions appear to be related to the dimensions of the bubble
at tha end of its first expansion, it seems reasonablo that the maximum bubble rudius
Amax would be suitable a3 a chavacteristic langth for scaling the base surge radial growth
for deep bursts. The Froude scaling of the Wahoo and Wigwmin crosswind surge data i
presented in Figure 8.5 and Table 8.4, To convert these values to another yicld, Ay,
mey be calculated by means of Equation 1.25. Then, the tabulated values o1 reduced radius
sivould be multiplied by A, and the tabulated values of reduced time multiplied by the
square root of Ay ., . U the condition of interest falls in the category of a deep hurst, the
reduced Wahoo data should be nsuid as the prototype values. For a very deep burst, Wigwam
is the appropriate prototype.

In order to predict the rate of growth of base surges (or nyclear bursts in the very
shallow range, the ¥roude sculing technique has Leen used with the maximum column
dlanwter Dy, as the characteristic lingar dimension, This was not possible on Shot
Yimbrella, because a comparable Diyax could not be measured.  However, it may by
assumed that the Dy, of 1,550 feet predicted for Umbrella by means of Equation 1.3¢
represents an effective Diyqy, which inmicates: the efficiency of the Umbrell ¢ lumn in
producing a base surge. Physically, this value possibly represents an average plume
diameter, which caumot be measured objectively by photographic methods.

The Baker and Umbrella surge rudivs-versus-time curves, reduced in terms of Froude
scaling as indicated 2buve, are presealed in Frgure 8.6, The similagily babwerss th= swg
curves is striking, although the Umbrella curve ~xtends to a seaiva time of 29 3 see/ft??
wherceas the Baker curve ends at a scaled tane of 13.1 sec/fti® . In view of the slight
diffcrences between the two curves at carly tiwnes, it is recommended that a single curve.
obtained from the higher values where the two curves exist, be employed as a prototype

«
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ey ot siagie curve are hsted o Tadle s b

: rane Lo curve for 4 parucuiar Vit i depa an i
verr shatlow (blowout) or shatlow pou=bloweat) region, Diax may be ealeulated from
Ugats it Lodd e 2006, The seeond wivp G the wadtiplication of scaled vadii by D)., and
sedied tunes by the syuare root of Dyyg e The surge raaii used in Fugoves 8.5 and 3.6
ang Table » .2 2re averages. They are probably aceurate to * 20 pereent.

Because of the wov of different senung taws for plumes and base surge phenu, sana, e
calculated curves may overlap. In these cases, the curve showing the greater radiug
should e used for safety. f

In any tactical situation invulving the use of ships, the cffect of the wind on the base
surge Is extremely importent.  The motion of the downwind leading edge of the surge may
e ubitadined by wading e wind spead Lo the average curve.  The motion of the (G asiling
upwind edge did not sppear to foll~w any simple pattern on the four nuclear tests; however,
on both Shotg Wahoo and Ur~"  da, the upwind surge curve could he approximated by
sublracting half the windspeed (rom the average surge radial growth rate. in all the nuclear
tests, the trailing edge of the surge reached-a maximum extent, then remadned stationary
or ntoved downwind at 2 © * slower than the winds weed, though usually attmning the speed
of the wind at a jawey umn 9~ e weral rule=oi~thumiy, subtractung half the windspeed
from the average surge cury  shewd provide o curve ndequate for establishing safn dis-
tances upwind (rom a burst.

The nuclear test data curves pvive do the ge~=o% of e vigibla bass .. 2 ™4 o seileved
th ... cuzves sccuratoly show the extent of the gerge, even at late thines when the elgus
ave evap,, ting.  In no case do the curves presented in this report show the maximum
aurge greath, although a leveling off can be scen.  In the absence of buttar {nformation,
the curveg can be ~xtrapolatad to include the growth of the invisible surge by fitting a
hyperrolie equation ¢ + the data.,

£ar oiey rom nuclear cadiation urgginating in the bose surgs, a buffer zone extendhyg
v Losidithe edge of the surge eloud should be established,

The vertical growth of the base surge has not been studied in detall. Ca Wigwam, Wihoo,
it Thob=ella, the saegae topis toncded to Hectuate between 1,000 and 2,000 {eet after an
ittt rapid s.aee On Baker, the beliavior was similar for the 2 aunutes following the
bupssy, ofter whiek the surge height increased rapidly as a result of avw condensation and
cloud developrment In the surge and the air alove it

Na aimple vale can he eatablished for surge howght gredietions. At early times, the
vertical growth probably depends mainly on the tucbulent metion of the surge. At later

‘mes, atmoapherhe turbulenee, temporstore, v velative humidity at altitudesup to a

ww thousand feet become important. In gencral, 2,000 {eet is probably a good order of
magnited2 estimate for the 1= to 100-kt swyge for trovical ceglons when the velative
Bumidity is below 79 percent. At a higher relalive humblity, extensive vertical doyolope
ment might cccur. I an 2tmospheric temperaturs tnveyslon oxdste in the area of the barst,
this 5.5 prehably inhibit the vertieal growth of a base surge.

.
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TABLE 8.1 UNDERWATER NUCLEAR EXPLOSION TESTS

Madimum
] " g Depthof  Depth of
Catnpory Uperation Shot Yield Burst - Water Bubble Ac BYS
— e . Radiss .
kige  feot feet fect ft/ke 3

N Very shatlow Crosgre)ds Bakor 23.5 9 150 865 ‘“s 0.104

(blowout)
) Shallow Hardtack Umbrella 8 150 150 520 7% N 2R

(non-blowout) f
Deoy Hxrdtack Wahoo 9 EU 1,000 384 240 1.30
Very deep Wigwam Wigwam 32 2,000 15,000 A (%} 5.33

TABLE 6.2 REDUCED

\
ML

‘M PLUME DATA, SHOTS UMBRELLA, WAHOO, AND WIGWAM

- Height \_h._.‘u-_ur Plume Radius Height "ﬂm ):_'_!"lume Radtug
(/Ylli h/ylll V'-‘" H Y dyln h/y!n iy _ n/yl’j—
sec/kt?? /it sec/ktt? kel soc/at!?  /kl? sec/lAW ft/kid
)
Shot Umbrella:
0 [ [ 9 [ %) 2,28 3.5 173
0.5 450 - - 6.9 2,380 Al 735
190 810 1.0 o 8.5 2380 8.5 55
‘ 1.3 1,135 1.8 338 79 2,400 1.0 7%
2.0 140 2.0 40 Y 2 498 R0 280
2.5 1,650 2.8 418 9.0 anss 9.0 805
3.0 1,850 3.0 530 10.0 2310 10.0 810
3.5 2,020 h B a0 11.0 2475 11,0 810
4.0 2,145 4.0 625 12.0 2,413 :.!.0 810
4.5 2,249 4.5 660 12,5 2478 {8 810
5.0 2,300 $.0 690 ’ — - -
Shot Wihoo:
4.3 326 4.3 382 7.2 798 735 o
4.5 536 4.5 1o - - 8.0 00
5.0 645 5.0 480 - - 8.5 842
5.5 708 8.5 543 - - 9.0 830
6.0 150 6.0 800 - 9.5 m
6.5 780 6.5 654 - - 9.6 919
Ta 794 (X)) 705 - - = -
Shot Wigwam:
347 104 3.88 5¢ o3 448 6.5 340
» 3.5 110 45 182 6.0 459 7.0 380
4.0 23S 5.0 229 - - 7.5 420
4.5 345 5.5 2. - - 7.89 136
5.0 412 6.0 305 - - - .-
»
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TABLE 3.3 REDUCED NUCLUAR PLUME DATS, SHOT BAKER . g »
a— . e A - W l:‘ :-‘
h """. . Colutin or Radias of Bewghit of Buse of 1
I Plume Radius Cuthis swer Cloud Caulttawer Cload !
‘ {-I ' N, :\-m RN prytes Llyll'l :,/nl-'n'r'a Q/Yh; h/\-lﬁ t“’
e - - by
asee/hP /it sec/ktd iR see/it? /et sefk? (U ’ / 1
0.4 99 0.53 65¢ 0.7 - HTH) e
Lo, 1,080 0.1 e 2,0 460 0.8 39° -?’cj
20 1430 0.2 113 4.0 1.075 10 e 4
20 1,610 0.3 165 6.0 1489 2 455 3
4.0 1,700 04 175 8.0 1,250 14 180 4 1
5.0 1,750 0.t 205 10,0 1,320 1.6 533 )
a0 1,20 0.8 22 12,0 1,375 )3 515 . L
8,0 1875 1.0 242 14.0 1,40 24 542
10,0 1,985 1.2 257 16.0 1,485 2.2 558
1, 2,126 14 270 18.0 1,540 2.4 570
4.0 2,290 1.6 285 20.0 1,590 iw 573
- 16,0 2,320 1.8 208 21,0 1,610 2.8 582
13.0 2,430 2 o - - - - 385
20.0 2,515 2.2 522 - - A 305
220 1,585 2 W - - 3. 535
24,0 2,650. 2.51 < - - 3.5 585
26.0 2,690 - - - - - -
290 2,725 . - - - - - .
0.0 2,150 - - . \ -
35 2,760 - - - - - "
‘.
TABLE 2.1 REDUCED MUULEAR BASE SUBCE DATA
Shot Haker-Umbrella, Nk Wahnn Shiot Wigwam - ‘
oo, 0 R/Dyax * Vdpad"®  RApae ! VAL R/
see/IA see/ft!?d sec/NUIA
0,23 0.68 1.02 1.6 Lad 4.18
1.0 2.00 2.0 9.2 2.0 7.1 '
2.0 » 3,34 3.0 12,5 3.0 10.0
3.0 a5 4.0 14.8 4.0 1.5
4.0 4.70 5.0 162 50 12.5
5.0 DR 6.0 17.2 6.0 3.2
.0 5.6 7.0 183 1.0 3.7
3.0 6.06 8.0 194 - 8.0 4.2
10.¢ .60 9.0 20,4 9.0 M.
12.0 7,04 10.0 2.2 10.0 1.2
1.0 7.42 10,20 21.2 10.31 14,9
TR 1.18
18,0 .00
20,0 8.35
220 .60
24.0 §.83
26.0 9.03 ¢
28.0 9.22
30.0 9.35
30.5 9.37
* Dpyay is defined by Equations 1.35 and 1.36, *
t Aqax 18 dcfined by Equatien 1.25.
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Figure 8.5 Froude scaling of Wahoy and Wigwam: avarage base surge growth.
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Figure 8.6 Froude scaling of Umbrella and Baker average base surge growth.
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] Chapter 9

CONCLUSIGN ARD RECOMMENDATIONS

TN b=
9.1 CONCLUSIONS 3
The results of Opevations Crossroads and Wigwan: demonstrated the valie of phuto= '}‘;,
graphic analysis for obiaining both indirect information about an underwiter nuctear explo- §
sion and the accampari++ snock wave and bubble phenomeas, ag well as divect information o8
concerning the visible spray uand cloud effects. This was also clearly shown by the resuits g
of Shots Wahoo and Umbrella in Operation Hardtack. h-:t
The slicks, spra donws, and spray rimgs gave visual evidence of the passage of under- -%t
water shoii waves el o 1o ldentify the sources of these waves on Shutls Wanoo wad EE
Umbrella, The inltias crtiet i velotiting of the Wahoo domc were used to caleviate peak *
underwater shock pres eeue along the surtace: the roa tng, values ranged from I to 14 2;
percent higher than indicated v theory. On both shots, an effort v« 1 % ealculate .
the ylelda of tho bursts by means of an initiad aome velocity technique.  This provided a &
value of 8.9 kt on Umbrella, which was 11 percent higher than the radiochamical determin- X
’ atlus, ad gavo a result of 11 At un Wadoo, which was 22 pevcent higher than the radio- e
chemical yfeld, In both cascs, the dilference betwoen spray dome and radiochemical yisld
Incicused with Increasing distance from surfaco zero. .
, Jn general, the moasurements trom the tour nuclear shots fn:dicate a tendency tor initial

spray dome velocities to be highor than predicted by the theory currently in use., On Sho*
Baker of Operation Crossroads, the shallowsst burst, the difference was negligible; however,
the difference increased with increasing depth, veaching 2 value of 33 percent on Wigwam.
1t is believed that surface roughness contributed to this result. Possibly, the effect of
surface roughness on the spray dome is the same at all depths of burst, and this effuct
becomes relatively strong for very deep bursts, such as Wigwam, where the initial dome
velocities were low and the spray dome was relatively broad and {lat.
In view of the lack of a full understanding of the variations that cccur in imtial spray
' dome voloeities, both as functions ~f dome radius and depth of burst, it does not seem
advisable to cmpioy thase measurements for primary yicld detcrminatiung In underwater
nuclear tests. lowever, the method is a usefvl check, and, in the absence of other infors
mation, could provide an approximate yicid.
The photographs proved to be particularly useful for {dentifying the origins of the shock
waves and pressure pulses in wlre. ‘I'ms war done by correlating the times these pulses
: arrived at Project 1.2 stations with timed photography of the phenomena. In addition,
qualitative evidence of the nuassage ot compression and rarefaction waves was ohtaired from
photographs of zhanges in the natural clouds in the area.
) The pluine phenomena of Shot Wahoo were similar In general appearance to those of
Shot Wigwam but markedly differ vt from the plume effects of HE wsts at depdio sulevivd
tor similarity of bubble behavior. The latter produced high central vertical jets. instead
ol Lthe symmetrical, roughly hemispherical masses of piumes obuerved on (R rucieur tesis.
» Shot Umbreila produced a tall, roughly cyluucical, plume, wnich did not resemble the
cauliilower clouds {ormed by the shallower Shot Baker and by HE teste scaled geo'netrlcallv
to Shot Umbrelia.
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b g aepnd, these posalts vnpdy Ul HE sty piave Lineted vagoe for the direet extragpo-
lation ot plume phonomena te the naclear scale. Althoagh smali=scale tests have provided
L st it o plume cffuets, Operation Hardiach demonstrated that these teats alune were
ot dequite to provide el understanding of nucleass bhuest effects.

Duaang Shots Wahoo and Umbrella, coniderable inforssntion on the growth and deift o
the bda watge was zzquivad,  The surges tended to move in the dircetion of the wined and
at the sante greed as the wand, exeent for the trailing upwind cdge, which showead evidenes
of frictional retadation,  Average radial growth curves were obtained which provide o
basis for the prediction of base surge development for bursts in the same depth categories

. as Wahoo and Umbrella.

On “ath shots, the temperature-humidity reconds indicated an initial heating ot the
lagoon water by the detonation.  On Ymbrella, the surge was at 100-percent relative humidity
for possibly 100 secomnds after the burst, after which it gradually mixed wath the deler
eaternal ambient air.  After 60 veconds from the burst, the surge was cooler than the
surrounding atmosphere as u vesult of the process of evaporation of the water droplets it
eontained,  After about 15 minutes had elapsed, the Umbrella surge cloud was essentially
at the ambient temperatur and hunndity.

The results of Operativ. - wd ek, combined with the results of Shots Bakey and Wigwani,
cover a wide vange of expur, wnto tonditions. It is now felt that, althouph the phenomena
are not thoroughly understooe  wredictions eun be mady with » vervonable degrea of confi-
dence for yields between 1an ! o) Fry using the results of the four nucltene b, . ah
predietions could not be made wits conlidencss privi w Uperation fzedtack.

9.2 RECOMMENDATIONS *

A result ot major sigmiticance was the dissumlority between the Lmbrelia column and
plume phenomena and the surface phenomena of HE tests at depths sculed geometrically
to Umbrella, Because of the fallure ot the Umbrella bubble contents to emerge through
the water surface at high pressure. both the aiv shock wave and carly (rebase surge)
nuclear vadiation were less than aaticipated,

Since these effects ave extremely important for the delivery of underwater wouspons in
shallow water by ships and aiveraft, additional work is needed to obtain a better under-
standing of the mechanism of blowout and to determme the nature ot the scaling relationship.

On the nuclear scale, it would be desivable to obtain surtace pheno.aiena data from one
or more <t at sealed depths between these for Shots Baker and Umbretla,  These would
aid in determining the transitionad depth batween the very shallow (blowout) and shallow
(nen=blowout) conditirrg, Of seromdiry intevest in regard to surface phenomena, hut
extremely useful, would be a nuelear burst intevmediate between Wahoo and Wigwam,
possibly at a depth permitting the bubble to oscillate twice befure breaking the surlace.

A surface burst would also provide data needed for {illing a gap in the existing knowledge.
These should all be in the vange between 1 and 100 k. However, because of the uncertaine~
ties in the prediction of effeets at greater or lesser vields, teses in the fractional kiloton
range and at the mc;;.xio:\ seale shonld also b conefitered,

In the event of future nuclear tesis, it is essential thae photography be fully utilizon a:
an experimental ol,  To attain the maxamum benefit from photography, extensive well-
planned covertge combined wish calm water and relatively clear skies s needed.  The
latter are difficult to achieve in the geographical arcas usually employed for nuclear teating,
but elunmclogical duta ave helndul tor invdicating the mesr swtavie months  Spworl 1 come-
mendations concerning photography are included in Chujprer 2.

In view of the moratorium on underwater nuclear testing at this time, it is recommended
that & maxunum effort be made to provide the understuiding of the surface phenomen of
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In general, the di(fou'm.cs bcuu.cn HE results and nuelear buest effeets may bhe at-
tributed to three major canses: the relatively large physica size of o nacluar plicnomcera,
the relatively low-energy~density of an HE charge, and the differences between a waclear
and wn MHE hubble.

‘To examine the elfects of physical size. HE effcets may be stedied »h a wie range of
charge welghts.  In the past, many surfsce phenomena experiments have heea conducted on
a laborstory scale with charges weighing less than 1 grom, and 4 consideranle effort has
wone into fleld experiments in the range between 1 pound ind about 2 tons. One test was
conducted with 45 toas of TNT. However, the early phases of column formation, the
rupture of the water surfuce by the expanding bubizle, and the blowout of eaploston products
or inflow of air have not been studled in details  If these phenomena were Investigated with
charges weighing {re~ ~bout 0.1 gram te possibly 25 tons, 2 considerable insight would be
gained into thu effects of the physical size of the experiment on the biowout process, Using
the theary of nstability (Reference 14) as a starting point, it sheutd be possible to develop
adequate scalitgg ! ws for Llowout from HE. High=speed photography and the employment
of pressure probe  sin ¢ to record values within the plume, column, wd bubble would
be Important tools. .

The problem ol apptine these results to nuelear Larals ia wore Jditficalt  In this case.
the theory of the for mation, srowth and internal structure ¢ w. Yo 0,0, Yo vould play
a major role. ‘This tneorctical work is considerably advanced as u resutt of work ¢uae for
Operation Wigwam. Experimental techniques that may be useful iere ave the employment
of an weeelerated vacaum tank to provide adequate scaling of the migration of a nucleay
bubble, the use of sparks «r exploding wires to produce a steam hubble Trom a point <onres
the use of special chemical explosives that contamn a lavge quantity of water of ¢1ystallization
t0 produce a steam bubble, & thy uss of chiemivad expiosives that have bhubbiesto=snock-
wave energy ratios similar to nuclear explosions.

The base sutge also requires furthor study, particulurly in regard to the effects of
meteorological conditions on the growth and dissipation of the surge.  Although Shots Baker
and Umbrella were detonated In the same geographical area and during approximately the
same season (Buker was fired on 25 July and Umbreiia on 10 June), the suvge developmoent
and dissipation mechanisms were radically different on these tests. This was attribated to
the higher relative humidity and greates atmospherie instability during Shot Baker. How-
cever, much greater extremes are possible, if bursts occur in diffevent latitudes, It scems
likely that a surge ranout would readuce relatively high depesits of radioactive muterials
on ships or other tarets, while the passage of an evaporating swrge would leave a velatively
light deposit. A surge cloud that vemains visible foe u long period, such as might oceur in
the Aretin, coulu probably be identified visnally until it radioactivity had been veduced'to
a low level. This would reduce the likelihood of inadvertently entering the contaminated
air, «3 coulc have occyrred, for example, on a burst such as Wigwam. wiwre the surge
breane invisible to sucface ships avout 4 minutes after the bursy, y=t contained relatively
high dosege levels 21 munutes after the busst.  In tlee absence of nuclear tests *heovetical
wid dilivi sy wppavaiios are vaswatiad fur d betiee nderstanding of the effeets of meteor=
ological conditions on a base surge, because not all of the ru.l-sc'\.c phioneaiena can s,
simulated with HE twsts.
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Annendix

PRINCIPLES OF HYDRODYNAMIC SCALING OF UNDERWATER
EXPLOSION PHENOMENA &

In enginsering projects, it is common practic? to study the pe “formance of a small-scale
replica {modelj of the large-scale structure (prototype) that is to be huilt., Some cx'unpfcs
are model dams, breakwatc. ., ships, and aJreraft. In thooo sasee, {4 ig ~len negogeary
to model the tlow of water or air around the structure or vehiele, If a mmodel test is
performed properly, valuable Information about the protutype can be obtanced at a
velatively low cost. The .« principles that are employed in engineering model studies
can also be used for modeh,  a i.0z0 underwater explosion with a small vne.

‘The simplest sealing conc 'pt is tnat of geometrien! similarity. This Implies th'zt the .
parts of a model have the same .uu.. ‘¢ as the corresponding parts of the g.etetne, ™ other
wevds, all dimensions in the mods! ure some voas®ar* multiple of the cnwweous dudvasions
in the prototype.

For a challow underwater cxplosio. in which the explosive composition and density are ’
the same in model and prototype, and a spherical chargo is used, the following three langths
completely determine the inltial conditions:

d = water depth ¢

o = chargu Jdepih

k.

ro = charge radius

e S W

o

Figure A.l {Hustrates the experimental conditions for a 0.2-scale model of a shallow

underwater explosion. The subscripts m and p are used to designate the model and
protolype, respectively. The length scale factor k| Is defined as follows: i
D ln‘ ' :
‘l = -T—- ‘.;

P
Where: 1 = any linear dimension.

e RN

In this case:

kl.Sm:.':"_m-’O'“r.E. ¥
T ;
cp “p rop 10 . :%
Points that correspond to each tificr in model and prototype are cilled numologous ’ ,

points. If z is the vertical coordinate and r the radial coordinate forr he example given ¢ k

in Figurce A, then . 4

1\
im * kl zD .‘ "%

rl!\ = kl rp Fx
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Whoew diund How oceurs, it is neeessary to emnploy the eescept of homologous times.
The motioi of the moded and prototype wre k-ncm.xliwl ly sunilar it homologous particles ey
lie at homologrus points at homologous thmes. . - B
For exampla:

dz .
wo u Sin
m (llm
d
' W m b
p dlp .
) Where: w = vertical componuent of velocity
t = time
Combining these equations gives .
. ) () () ()
Yoo om, dz, dzp dty,
. 1€ ky, = vertical veloeft, yuide factor, and )
Ky = thuw geale factor, .
. - it follows that}
k k
kw - R.f- a -k-:- v
&
oY ‘The scaliag of accelerations is doveloped [n tha following way: ) ) L
4
&
dwy P2y 5
dty, dl‘m 2
" d: 7’?’.
dwp . z, .ii
d‘p ded 3
P . ?
Where: 3—:—"— w verticad component o, aceeleration, %
Combining these equations ylelds
2, 2 |
dwy /% ey [ b
' d d H 2 .
tm/ o dy, dv.p ! 51
1 ka‘ = acceleration scale factor, it follows that
) = . dwm dw,\
A o Ié
I / Jtp .
g u'lz.m ,'ll’tp . dz,, av,,
b Since ——— f ——— T
? H 2 )
ay, dt P d p d
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i onder to madntam geonwetrie and kinematic simifarity between flow patteras, the catjos
hetweun the foraes orting an carvesp ading futd parceds in model wd profutypo noust be
the same. The (elioning ave some of the forees connmonly enceuntered in the fluld slow
surrounding an endorwator explosion, exprassed iy genoral feriag '

Pressure force = pA = pl?

Ineptin-{oren

Cravity feree

me = aell?

mi e piy

Viseous {ore ”g_l_‘ A = opv)
Surface tonsfon foree 14

Wheres

P = progsure

A
2
m v
0o

¢.n

£

[
ﬂf

are
acecleration

mass

density

radiat velochty
wecelpvation due to gravity

cocfficlont of viscosity

A ik A !

SN

e

o ase 3N

’ T © sutiwe Lns'on

i any two of the ahove forces govern the flow ;v nomenon belng conshdered, dynamlic
stmilacity meay bo malntalned by keeping the vanoe ot these forces the same in the modet
and peotatype. The fovee ratlos are expyessed as dimensionless numbei g, such as the
following:
wnertia force vip

Reynolds numbrer = e 5 e
viscous foree §

. . ressure forcy
Proessure cogfficiont = Beasurd JOVCy
ensificicnt fnerua toree

0!‘-&

Where: ap =

Up.op

Tmebo oa o
Ari A GO0

pvt o pv?
. inertia fove V¢
Frowle nmnher < Iacrils foveo, = e OF J—-
gravity forge ig ‘gg
ine : 9
Veber number = Hortd {orge LAY i

surlace tenston tasee T
pressure difference.
Ap, T, and g are the same in both mode! and prototype, the following scale

Sern sln efoemely
LIRS T Y pere ]
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Leynolds scaling k, ~ kl", k=R Ry k3

Pressive seatmgg ky = 1L K - Ry, Ky - kY
' Froude scaling k, = I::'”. ke -k ky -0
Weber scaling ky = k™%, &y = k¥, k= k)73

An example of the application of this technique to an underwater explacion problem,
conslder a parcel of water in the oxpanding colunm formed by o shollow irst.  The hori-
zontal comnonent of motion i3 determined mainly #y the inertia of the waler and the differ-
ence butwiren Uie pressure inste the column and the utmospharic pressure.  The pressure
dilference changes en~tinuously as a result of the expansion ¢f the column until the column
breaks apart and prossures are equalized,

If a lavge-sculo explosion is properly scaled with small-model tests that are designed
to simulate the reqid expansion of the ¢olumn, and column radius-versus=-time data iy
obtained, the foli g rwulta shioula be obtained:

Since ky = K|, v timer will ke reduced by a factor of 0.2 In a 0.2~scale medel.

Sinee ky = 1, lhu volonities of flow will be the sa e ou 31l scales,

Since ky = kl Lot wtt Merations will be fve thnes ag grot dng 9
in the p'.'nlul)pc

In addition, if cach set of vadius-versus-time data is reduced by dividing cach measure-
ment by the length scale tactor Ky, and the values ave plotted as r/ky versus t/kp, all
polng sheuld lie on the sume curve.  This sealed curve may then be used to predict the
actual radius-versus=time curve for an untested condition.

The radial flow of the base surge formed 9y an underwater explosion is governcd Ly
gravity and incrtia forces at carly times, Therefore, Froude scaling taws should in
olx,ycd by this phenomenon,  In this case, veloelties and times zree reduced by 0.45 in a

O soale aindel, wnd accelerutlons.are the same on all scales. A common curve for all
radius=versus-time data may be obtalned by dividing radii by k| and times by k2,
Figure A.2 illustrates how the radius-versus-time, velocity-versus-timo, and acceleration-
versus-time curves look for a hypothetieal cuse where pressure-inertia scaling {s valid,
and for the sanw case if Froude scaling is valid,

If more than two forces are inyportant in the experiment, exact scaling is impossible,
and gome compromibses must be made. In some cases, the medium must be changed in
order to obtair a preper ratio of forces,

I the phenomena are more camplex than indicated ahove, but the variables involved can
be listed, it is possible to caleulate a set of dimensionless products that may be naintained
constant or varied systematically In a series of tests to obtain useful engineering curves
Reference 46).

Model taws may also be cstablished by making use of the difteventixl cquations of motion
for the phenomena of interest, providing these equations are known.  Sinee the same 2quation
should be valid for both the model and the prototype, the scale factor relaticnslup requived
to make both of these the szme nay he determined by algebraie manipulation.

Anothet method for deviving laws of stmilin ity from differential equations 1s to eapress
the equations in dimensionless form.  An example of this is the develapment of the gealfag
laws for the migration of explusion bubbleg (Relerence 9). Thiz davivatiun stwwel thot
Z/WH must be the same In model and protuiype for the proper seating of bobble migration
and providea & method for caleulating the migration.

The ;,uomclru.al scaling considered @ the begmmng ol his appendiy is based on the ~iee
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of tite uneapioded charge. For scaiing the plume plicnotend uf deeper Lutsts, 18 luay i
desirable to:provide geometrical scaling of the explosion bubble at t} » end of ws initial
cexpinsion, It s not possible to fulfill both of these objectives in the same experiment
unless spocial test equipment, such as aa accelerased tank, is constructed.
A
. I s walER OEFTH
¢ ¢ CHARGE DEPTH
4 - _& ——— )3 CHARGE RADIUS
. ..L__.___.. - ——c—
100FT,
v A T
200F - - PROTOTYPE
[ 34 .
é"' 20
v N
40FT. ( i 2.2+SCALE MODEL
. \
im S 45 Ven
ks LENGTH SCALE FACTOR § =— 1 —=2 g D3 an2
. lo e dp iy
Pigure Al Geometrically scaled model of chzil. w underwalet explosion.
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